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Early (green) and mature (magenta) oligodendrocytes purified 
from the early postnatal mouse brain. These myelin-producing 
cells of the central nervous system belong to a highly complex 
group of cells known as glia, which are involved not only in the 
conduction of action potentials along neuronal axons, but also 
in the development of synapses and in immune processes in the 
nervous system. See the special section beginning on page 773. 
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UK, and president 
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Lifebelt for UK Science 


WHEN THE UNITED KINGDOM'S COALITION GOVERNMENT, FORMED IN MAY THIS YEAR, PROPOSED 
to eliminate the budget deficit by slashing annual public expenditures by more than £80 bil- 
lion per year, there was anxiety about science funding. Would the United Kingdom follow the 
United States, France, and Germany (and the emerging economies of the Far East) and priori- 
tize scientific research as part of its economic recovery and growth strategy? Or would it align 
with Spain and the Czech Republic, where these areas were cut? Two weeks ago, the Spending 
Review announced a “flat cash” science budget of £4.6 billion per year for the next 4 years 
(with no allowance for inflation). This gives the United Kingdom a fighting chance of preserv- 
ing its science base. But major concerns remain. 

Academics and the high-tech industry had argued vociferously that a severe cut in R&D 
spending would rattle a robust science base strengthened under the previous government and 
jeopardize long-term economic recovery, threatening the nation’s abil- 
ity to attract talent and investment from abroad. It would also send a 
discouraging signal to young people contemplating scientific careers. 
These arguments fortunately found a resonance. But science is embed- 
ded in the university system, where the prospects remain uncertain. The 
United Kingdom is in the throes of an upheaval in university funding, 
with an aim of transferring the burden “from the taxpayer to the stu- 
dent.” Public funding for the teaching role of universities is being cut by 
40%, and students will be expected to pay higher tuition fees through 
loans repayable out of future earnings. The Liberal Democrats (the 
minority partner in the Conservative-led coalition) are opposed even 
to current fees, capped at £3280 per year, and the cap would need to be 
raised to at least £7000 to compensate for the cut in public funding. The 
expected politically constrained compromise could prevent the univer- 
sities from maintaining the infrastructure that research requires. 

In the United Kingdom, research is concentrated in universities (as in the United States, 
but unlike France and Germany), and it is the only country outside the United States to have 
several universities consistently rank high in global “league tables.” This strength was an 
undoubted factor in the United Kingdom’s success in the Nobel Prize stakes this year—three 
winners in science, plus one in economics. The physics prize winners, Andrei Geim and 
Konstantin Novoselov, joined the University of Manchester in 2001, attracted to the United 
Kingdom by the promise of adequate funding and a supportive environment in a first-rate uni- 
versity. It is crucial that such people make similar choices in the future. 

Total UK enrollment in full-time higher education, across all disciplines, has risen from less 
than 10% in the 1960s to around 40% today. But this welcome expansion has not spawned diver- 
sity in the types of undergraduate schools. In the United States, less than one-tenth of the institu- 
tions that offer bachelor-level qualifications have Ph.D. programs. The United Kingdom would 
benefit from likewise concentrating Ph.D.-level education into fewer institutions, accompanied 
by more collaboration between universities. Enhanced international collaboration is welcome 
too. British scientists collaborate more with the United States than with any other nation; they 
also benefit from the unrivaled shared facilities of Europe-wide consortia such as the European 
Laboratory for Particle Physics (CERN) and the European Southern Observatory. 

In 2005, the U.S. National Academies published an influential report, Rising Above the 
Gathering Storm, highlighting the increasingly competitive global landscape for science. 
In September of this year, the update, subtitled Approaching Category Five, reinforced the 
message, remarking that: “You can’t make an overweight aircraft more flightworthy by remov- 
ing an engine.” This message is even more vital for the United Kingdom, which must rebal- 
ance its economy away from an overdependence on the financial sector. Science and innova- 
tion are essential “engines” for long-term prosperity and confronting global challenges. We 
must hope that, after 4 years of straitened funding, UK science can share the fruits of the 
recovery that it will help to generate. — Martin Rees 

10.1126/science.1199567 
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Haiti's Outbreak Is 


Last-minute 
biodiversity accord 


Latest in 


Cholera‘'s New Global Assault 


Was it imported or indigenous? 

That was one of the first questions chol- 
era scientists were asking after a deadly sur- 
prise outbreak of cholera began in Haiti 
2 weeks ago. Angry Haitian protesters had 
already decided: They held peacekeepers 
from Nepal—a country where the disease 
is endemic—tresponsible for bringing Vib- 
rio cholerae to their already ravaged coun- 
try and demanded their departure. But some 
scientists pointed out that although Haiti had 
never reported the disease before, V cholerae 
is ubiquitous in aquatic environments; given 
the right circumstances, its numbers can swell 
dramatically and trigger an outbreak. 

On Monday, the U.S. Centers for Dis- 
ease Control and Prevention (CDC) ren- 
dered its verdict: DNA fingerprinting of the 
microbes from 13 patients had shown that it 
was most similar to strains from South Asia, 
according to a press release, suggesting that 
that’s where the disease was imported from. 
(The carefully worded statement did not 


mention Nepal.) lines, has already killed more than 1500 peo- 
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For cholera experts, it was a familiar 
debate that often takes place when chol- 
era pops up in a new locale. “People always 
assume cholera had to come from some- 
where else. It’s usually local,” contends Rita 
Colwell, a veteran cholera scientist and for- 
mer head of the U.S. National Science Foun- 
dation, who had put her money confidently 
on the environmental route. 

Cholera experts agree on one thing, how- 
ever: The outbreak is another coup for El Tor, 
the cholera biotype that emerged over half a 
century ago and has since slowly spread across 
the globe in what researchers say is chol- 
era’s seventh recorded pandemic. Recently, 
E] Tor—“a pretty nasty beast,’ according to 
molecular biologist John Mekalanos of Har- 
vard Medical School in Boston—has also 
been wildly successful in Africa, where the 
disease has gone from sporadic to increas- 
ingly entrenched in just the past decade. An 
epidemic raging in Nigeria this year, which 
so far has not grabbed international head- 
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ple, and at least 550 lives have so far been lost 
in neighboring Cameroon. In 2008-09, 
Zimbabwe had a massive epidemic that killed 
over 4000 people. 

El Tor appears to cause longer-lasting out- 
breaks than its predecessor, simply named 
“classical,” and to survive longer in the envi- 
ronment. That could be bad news for Haiti. A 
preliminary study by CDC suggests the out- 
break could last years and cause as many as 
100,000 cases. 

Few saw it coming. After the 12 Janu- 
ary earthquake, which killed an estimated 
230,000 Haitians and left more than a mil- 
lion homeless and living in squalid camps, 
health officials were worried about a panoply 
of diseases, including dysentery, malaria, and 
dengue. An international effort was launched 
to help the country beef up surveillance and 
equip the National Public Health Laboratory 
in Port-au-Prince for diagnostic testing. 

Although cholera wasn’t on the radar 
screen, the effort has proven useful during the 
outbreak, says Eric Mintz, a CDC epidemiol- 
ogist specializing in waterborne diseases: The 
Port-au-Prince lab fingered V. cholerae just 
4 days after the first suspected case surfaced. 
CDC’s labs in Atlanta confirmed the diagno- 
sis and typed the bug. (It belongs to the strain 
O1, like most cholera around the world, and a 


serotype called Ogawa.) 
y 
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V. cholerae is normally present in coastal 
waters worldwide, even in countries where 
the disease is absent. It loves brackish water 
and can occur in rivers and lakes as well. 
Clinging to zooplankton—in particular, to 
tiny crustaceans called copepods—the bac- 
teria can hang around indefinitely in rela- 
tively low numbers. There’s no question 
that outbreaks can kick off when a series 
of environmental factors—including ris- 
ing water temperatures, alkalinity, and high 
nutrient levels—conspire to cause zooplank- 
ton blooms, offering the cholera microbe a 
chance to proliferate as well. People become 
sick when they ingest the water and spread 
the disease when traces of their feces end up 
in other people’s drinking water. 

But there’s debate about how often this 
scenario plays out. When Peru was hit by 
cholera in 1991, the start of a massive out- 
break in Latin America that killed almost 
9000, there were suspicions that the microbe 
had been introduced by one or more ships, 
presumably from Asia. But Colwell’s stud- 
ies suggested that the bug came from Peru’s 
coastal waters as a result of conditions 
caused by El Nifio. “Based on 40 years of 
research,” Colwell says she believes some- 
thing similar happened in Haiti. She is “not 
convinced” by the CDC statement because 
the agency used a technique called pulsed- 
field gel electrophoresis that doesn’t yield a 
very detailed fingerprint. Colwell says she’d 
like to study water samples from Haiti her- 
self but has been unable to obtain them. 

But Mekalanos says the case for an envi- 
ronmental outbreak in Peru was never quite 
clinched and that Colwell and others may 
have dismissed the Nepalese connection 
in Haiti too soon. The fact that the troops 
were based along a tributary to the Arti- 
bonite River, where some of the first cases 
were found, and left home during a chol- 
era outbreak “was a bit of a smoking gun,” 
says Mekalanos, who is eager to do some 
molecular sleuthing of his own. Any infected 
soldiers would presumably have been asymp- 
tomatic, he says; 75% of those infected with 
EI Tor are. (Of course, there are other poten- 
tial routes through which a South Asian strain 
could have arrived in Haiti, he adds.) 

Over the past 5 decades, El Tor has almost 
entirely replaced the classical biotype that 
scientists assume had reigned for centuries. 
Why it has done so is the topic of much spec- 


Gigapixe 
science 


ulation but few hard facts. One theory, says 
Mekalanos, is that the classical biotype was 
more adapted to reproducing in humans— 
and it had ample opportunity to do so until 
well into the 20th century. But as sanitation 
and drinking water started improving around 
the world, a strain that is hardier and better 
at staying alive in the environment may have 
gained an edge. 

What’s next for Haiti? Mintz and his col- 
leagues have tried to predict the Haitian out- 
break’s course by extrapolating from the Latin 
American one, which spared the islands of the 
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Martin Enserink. ease for decades. Not 
surprisingly, the scope 
of the outbreak in each country strongly corre- 
lated with basic indicators of socioeconomic 
development such as infant mortality, literacy, 
and GDP, says Mintz. In terms of develop- 
ment, Haiti is roughly where Bolivia was in 
the early 1990s, and models suggest that Haiti 
could face some 100,000 cases over the next 
couple of years, he says. “It’s both extensive 
spread and possible persistence that we are 
concerned about,” he says. 

The key weapon is to prevent transmis- 
sion where possible, with clean water, sani- 
tation, and education, and to rush treatment 
to those affected. Until a few decades ago, 
cholera had horrific death rates of 20% or 
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New threat. A woman takes 
care of a cholera patient at a 
hospital in the Artibonite 

Province in Haiti. 


more. The advent of so-called oral rehydra- 
tion therapy—a simple solution that replen- 
ishes the body’s electrolytes—in the 1970s 
has dramatically lowered those numbers, 
but it needs to be provided rapidly, as chol- 
era can kill within a day. That can be a huge 
challenge in the places where cholera often 
strikes: poor countries with little infrastruc- 
ture and a dearth of medical facilities. 

Today, an unofficial international standard 
says that mortality during outbreaks should be 
1% or lower, says Claire-Lise Chaignat, head 
of the Global Task Force on Cholera Control 
at the World Health Organization in Geneva. 
Some countries in Asia that experience cholera 
often do even better, but mortality during out- 
breaks rates during recent outbreaks in Africa 
have been several times higher (see map). 
Early this week, the official case fatality rate 
in Haiti still stood at 6.4% but was dropping. 

One particular worry in Haiti is that a mil- 
lion or so people still live in camps, mostly in 
Port-au-Prince, where diseases spread easily. 
A 1994 outbreak among Rwandan refugees 
in Goma in the Democratic Republic of the 
Congo, in which more than 20,000 people 
perished, is a vivid reminder of how danger- 
ous camps can be. So far, the disease has not 
reached the Haitian tent cities. Mintz, for one, 
says the camps are better organized than those 
in Goma, and people living there may actu- 
ally be at an advantage compared with other 
Haitians because most drink chlorinated water 
and have a better chance at timely treatment. 

—MARTIN ENSERINK 
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RESEARCH ETHICS 


Questions From China Snag U.S. Trial 
Of Nerve-Rerouting Procedure 


A running 5-year medical brawl in 
China has spilled over into Michi- 
gan, where it has delayed a clinical 
trial about to enroll patients. The trial, 
based at the William Beaumont Hos- 
pital in Royal Oak, Michigan, aims to 
surgically reroute the nerves of spina 
bifida patients to give them control of 
their bladder. Principal investigator 
Kenneth Peters confirmed last week 
that the U.S. National Institutes of 
Health (NIH)—which is funding the 
work—has asked for a review. 

The urologist who invented the 
nerve-rerouting procedure, Xiao 
Chuan-Guo, has claimed phenom- 
enal results in China—including an 
87% success rate for 110 spina bifida 
patients at their 1-year follow-up vis- 
its. But the controversy surrounding 
his work is phenomenal, too. Earlier 
this year police charged Xiao, head of 
urology at the Union Hospital affiliated 
with Huazhong University of Science 
and Technology in Wuhan, with orga- 
nizing street attacks on two of his crit- 
ics. Those injured were Fang Shimin, 
who under the pen name Fang Zhouzi 
operates the Xin Yu Si or New Threads 
Web site (www.xys.org), and journalist Fang 
Xuanchang (no relation to Fang Shimin), 
who has edited magazine articles about 
Chinese patients who failed to benefit from 
Xiao’s procedure. 

Xiao was convicted of “causing dis- 
turbance” and sentenced to 5.5 months of 
detention (http://scim.ag/doctor-sentenced- 
Beijing). He has appealed the verdict. 
Science sent a request for comment to 
Xiao’s lawyer by e-mail but did not receive a 
response by presstime. 

Questions about the clinical trial in Mich- 
igan based on Xiao’s procedure reached the 
U.S. Department of Health and Human Ser- 
vices in March, when the so-called New 
Threads Volunteers, a watchdog group that 
tracks Xiao’s research, sent a letter to the 
Office of Research Integrity (ORI) and the 
Office for Human Research Protections 
(OHRP). The letter alleged, among other 
things, that “the current clinical trials in the 
United States are based on dubious data.” 

ORI declined to take action, according to 
Eddie Cheng, a blogger, software engineer, 
and member of the Volunteers, who mailed 
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Under fire. Xiao Chuan-Guo’s reports of success in treating 
spina bifida patients have been challenged by Chinese critics. 


letters about Xiao’s study to ORI and OHRP. 
Cheng says ORI wrote back in March that 
the allegations weren’t specific and that 
Xiao’s work in China was out of its jurisdic- 
tion. Last week, however, OHRP confirmed 
in an e-mail to Cheng that it had asked the 
funding agency to evaluate the allegations. 

Xiao has many friends in the scien- 
tific community. Peters, head of urology at 
the Beaumont Hospital, and 30 research- 
ers signed an open letter in support of Xiao 
in September urging China to “protect his 
human rights” and praising Xiao as “a com- 
passionate man who is respected worldwide 
for his integrity and his innovative scientific 
contributions to society.” 

Xiao developed a nerve-rerouting proce- 
dure to treat neurogenic bladder disorder in 
patients with spinal cord injury (SCI). Nerve 
crossover was first proposed by an Austra- 
lian surgeon in 1907; medical literature 
holds a scattering of partial success stories. 
But Xiao’s approach—which he proposed 
in the late 1980s—bypasses the central ner- 
vous system by grafting a lower lumbar 
nerve to one or two sacral nerves below the 
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spinal cord lesion, rerouting signals to blad- 
der and urinary muscles. Xiao claims to have 
established a new pathway that can be used 
to initiate voluntary urination by scratching 
or squeezing skin on the thigh. 

After testing the idea on rats and cats, 
Xiao applied for and received an NIH grant 
in 1994 to study dogs at the Long Island 
College Hospital in Brooklyn, New York. 
According to his own published account, 
Xiao began a trial of the procedure with 
Chinese SCI patients at a hospital affiliated 
with a coal mine in Henan Province in 1995 
and published final results from the SCI 
patients in 2003 in The Journal of Urology. 
This peer-reviewed article reported that of 
15 male SCI patients—all with hyperreflexic 
neurogenic bladder (involuntary voiding)— 
who had the surgery, 10 gained satisfactory 
bladder function, two had partial recovery, 
two failed, and one was lost to follow-up. 

Critics see inconsistencies in the data. 
For example, in early reports (some in Chi- 
nese), Xiao described patients’ recovery tak- 
ing place between 10 and 12 months post-op, 
but the 2003 final report says that patients 
gained bladder function 12 to 18 months 
post-op. In addition, the depiction of all 
15 patients as hyperreflexic in the 2003 report 
seems at odds with Xiao’s previous reports, 
which described treating a mix of patients 
with hyperreflexic bladder and areflexic blad- 
der (failure to void). 

Eric Kurzrock, chief of pediatric urol- 
ogy at the University of California, Davis, 
Children’s Hospital in Sacramento, Califor- 
nia, says Xiao’s study is “extremely flawed” 
because of “patient selection bias.” Kurzrock 
is particularly critical of the claimed high 
success rate, because it is not based on data 
from a randomized, controlled trial. 

After treating SCI patients, Xiao began 
using nerve rerouting to treat bladder mal- 
function in children with spina bifida, whose 
spinal cords are generally not as damaged 
as those of SCI patients. The first privately 
funded trial at Beaumont Hospital, which 
took place in 2006 and 2007, included nine 
spina bifida patients and two SCI patients; 
Peters and co-authors reported preliminary 
results from spina bifida patients, but results 
on SCI patients have not been reported. The 
current NIH-funded trial aims to enroll about 
16 spina bifida patients; the original design 
was not blind and had no control group. 
Peters says NIH has “created an oversight 
committee for our study. We met with them a 
few weeks ago and are addressing their com- 
ments. We will be submitting a revised proto- 
col soon for their review.” 

-HAO XIN 
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CONVENTION ON BIOLOGICAL DIVERSITY 


U.N. Biodiversity Summit Yields 
Welcome and Unexpected Progress 


NAGOYA, JAPAN—Delegates, advocates, 
and observers were braced for the worst 
going into the last week of a biodiversity 
summit here. Instead, at a marathon clos- 
ing plenary session, the parties agreed to 
an ambitious plan to halt the loss of bio- 
diversity, an agreement to combat biopiracy, 
a scheme to increase conservation funding, 
and a raft of related policy statements. Not 
everyone got what they wanted, but most got 
something they could live with. 

The plan to “take effective and urgent 
action to halt the loss of biodiversity” is a 
“pretty good deal” in the eyes of James 
Leape, director general of the Geneva-based 
conservation organization WWF. 

The agreement to equitably share ben- 
efits resulting from research using natural 
resources “should help, not hinder,” aca- 
demic researchers doing fieldwork while 
protecting the interests of developing coun- 
tries, says Geoff Burton, an Australian 
expert on the issue. 

And although funding pledges proved 
disappointing, the scheme to ramp up mon- 
etary support is encouraging, says Gustavo 
Fonseca, head of the natural resources team 
at the Global Environment Facility (GEF) 
in Washington, D.C., a multilateral entity 


supporting developing world sustainable 
development. 

These agreements, adopted at the 10th 
meeting of the Conference of the Parties 
(COP 10) to the 1992 Convention on Biolog- 
ical Diversity (CBD), took years of prepara- 
tory work, 2 weeks of intense negotiations 
here, and deliberations at a final plenary 
session that ran past 2 a.m. on 30 October. 
Delegates were relieved and proud that the 
meeting produced substantive results, in 
marked contrast to the U.N. conference on 
climate change in Copenhagen last Decem- 
ber, which accomplished little. 

The first of a trio of agreements many 
delegations wanted to treat as an all-or- 
nothing package addresses access to genetic 
resources and the sharing of benefits aris- 
ing from their use. The existing CBD rec- 
ognizes the sovereign rights of states over 
their natural resources. But developing 
countries had long wanted a document with 
more specific details, and indigenous groups 
have demanded recognition of their rights to 
resources on ancestral lands and to tradi- 
tional knowledge. Advocates say there are 
hundreds if not thousands of examples of 
biopiracy: drugs, dietary supplements, and 
cosmetics based on traditional knowledge 


Snake oil. Brazilian pit viper venom 
was used to develop a blockbuster 
hypertension drug, but Brazil didn’t 
profit. A new treaty gives countries a 
stake in the use of their resources. 


of the medicinal properties of 
plant and animal products that 
have been commercialized with- 
out authorization or any benefits 
being returned to local com- 
munities. Brazilian delegates 
point to the case of the venom of 
Bothrops jararaca, a Brazilian 
pit viper. Locals had long known 
that the viper’s bite thins blood 
so much that it seeps through 
vascular walls, causing a precip- 
itous drop in blood pressure; vic- 
tims often bleed to death. After 
a Brazilian researcher isolated 
the active compound, research- 
ers in the United Kingdom and 
the United States elucidated the 
mechanism and developed a syn- 
thetic compound that mimics the 
venom’s effect. The company now known 
as Bristol-Myers Squibb put the resulting 
hypertension drug, Captopril, on the U.S. 
market in 1981. Neither Brazil nor the local 
community benefited from sales that ran to 
billions of dollars. 

To resolve such issues, the convention 
launched formal talks to produce a proto- 
col on access and benefit sharing—ABS, 
for short—in 2004. By the start of COP 10, 
negotiators had produced a draft document 
stating that those seeking to use genetic 
resources or traditional knowledge for 
research or commercialization must obtain 
prior informed consent from both the coun- 
try and indigenous communities involved 
and to agree on terms to share monetary and 
nonmonetary benefits, including intellectual 
property rights. 

Two particularly sticky issues weren’t 
resolved until the last day of the meeting. 
Developing countries and advocates for 
indigenous peoples wanted the provisions to 
apply retroactively. In the end, retroactivity 
was dropped in favor of a call for a “global 
multilateral benefit-sharing mechanism” to 
address cases in which genetic resources 
were acquired prior to the new agreement. 

Compliance was also a point of conten- 
tion. The draft protocol included a long list 
of “checkpoints”— including patent offices, 
research institutions, and scientific journals— 
at which the proper acquisition of materials or 
knowledge would be verified. This, too, was 
simplified, leaving it up to individual coun- 
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tries to establish compliance systems. “It is 
probably the best we could do at Nagoya,” 
says Paulino Franco de Carvalho, head of the 
Brazilian delegation. 

Academic researchers have worried that 
the protocol might hinder basic research in 
areas such as taxonomy. Overall, the new 
protocol “will assist academic researchers 
insofar as current obstacles faced in many 
countries will be removed,” says Burton, 
who participated in the negotiations and 
in the adoption of ABS legislation in Aus- 
tralia. He says that in the absence of an 
international agreement, some developing 
countries have made access so difficult that 
it can take up to 2 years for researchers to 
navigate the permitting process. 

Under the new protocol, ratifying coun- 
tries must designate a “national focal point 
for access and benefit sharing” to provide 
all necessary information on permits. It also 
calls for decisions to be rendered within a 
reasonable time. And there should be “sim- 
plified access procedures” for noncommer- 
cial research that Burton hopes will result in 
quick and inexpensive permitting. In turn, 
all parties must share nonmonetary benefits, 
such as joint authorship of scientific papers 
or at the least acknowledgment of the use 
of traditional knowledge, says Joji Carifio, 
an official of Tebtebba, a Philippine indig- 
enous people’s advocacy group. Academic 
researchers will also have to track the use of 
any materials by third parties, as commer- 
cialization will require further negotiations 
with provider countries and communities. 

The second of the three major all-or- 
nothing agreements was the adoption of a 
strategy to stem biodiversity loss by 2020. 
The plan’s 20 Aichi Targets, named after the 
prefecture that is home to Nagoya, include 
expanding protected areas to cover at least 
17% of the world’s terrestrial and 10% of the 
total marine surface (see table). Conserva- 
tionists had been pushing for 20% in total. 
“Studies show that’s the bottom line needed 
to conserve species,” says Alison Satterfield, 
head of science for BirdLife International in 
Cambridge, U.K. 

WWF's Leape says 17% “‘is not great” but 
is “a big step forward.” And targeting 10% of 
marine areas “is a 10-fold expansion” over 
the 1% currently protected, he says. 

In 2002, parties to the CBD also set a 
number of conservation targets for 2010 and 
then largely missed them. In an attempt to 
avoid such failure, the strategic plan requires 
countries to describe their conservation 
plans and report progress to the convention. 
“We’re not just left with bio-aspirations,” 
says John Fitzgerald, policy director for the 
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HIGHLIGHT TARGETS 
OF THE CBD STRATEGIC PLAN 


TO ACHIEVE BY 2020: 


> Halve, or bring close to zero, the rate of loss 
of all natural habitats. 


b Reduce pollution to levels that are not 
detrimental to ecosystems and biodiversity. 


Minimize anthropogenic pressures on coral 
reefs. 


Conserve at least 17% of terrestrial and | 
> 10% of coastal and marine areas in 
protected zones. 


Prevent the extinction of known threatened 
species. 


Restore at least 15% of degraded 
ecosystems. 


Society for Conservation Biology in Wash- 
ington, D.C. “We have building blocks to 
achieve targets, and this will allow for cor- 
rective action in a timely way.” 

Of course, these new efforts will take 
money. Japan pledged $2 billion, but no 
other countries put significant new money 
on the table. In a new move, however, the 
parties did agree to increase funding accord- 
ing to specific percentages or amounts, with 
details to be worked out by the time of the 
COP 11 meeting, scheduled for 2012 in New 
Delhi, India. GEF’s Fonseca says he is “very 
happy” with the agreement. “This is the first 
time specific targets will be set; this is prog- 
ress,” he says. 

The ABS protocol requires ratification by 
at least 50 countries to go into effect. The 
other two agreements are effective under the 
CBD agreement. 

In addition to approving changes in the 
CBD itself, delegates called for a morato- 
rium on geoengineering schemes to avert 
climate change and endorsed a request to 
the U.N. General Assembly to create an 
Intergovernmental Science-Policy Platform 
on Biodiversity and Ecosystem Services 
that would produce scientific assessments 
on biodiversity issues much as the Intergov- 
ernmental Panel on Climate Change does. 
“We're quite excited about this; it’s really 
needed,” says Thomas Elmqvist, an ecolo- 
gist at Stockholm University and a member 
of the Swedish delegation. 

—DENNIS NORMILE 
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NEWS OF THE WEEK 


Sciencelnsider 


From the Science 
Policy Blog 


Attorneys filed more paperwork last week in 
two federal courts regarding the legality of 
human embryonic stem cell guidelines 
set by the National Institutes of Health 
(NIH). One set of documents is the final 
word to U.S. District Judge Royce Lamberth, 
whose 23 August ruling briefly halted fed- 
erally funded hESC research. At the same 
time, an appeals court has set 6 December 
for oral arguments addressing Lamberth’s 
preliminary injunction. 
http://scim.ag/stem_filings 


A survey of some 600 intramural scientists 
and officials at NIH suggests that tough 
new restrictions on outside consult- 
ing have reduced by a third the number 
who engage in such activities. But 80% of 
respondents said the rules are too restric- 
tive. The story was hotly debated in the 
Sciencelnsider comments section, with one 
reader fearing that the crackdown could 
create “a backlash that harms all federally 
supported researchers.” 
http://scim.ag/NIH_consult 


A new study of marine aquaculture finds 
that industrial fish farms can cause great 
environmental harm if there are too many 
of them. A new index could interest seafood 
buyers and policymakers evaluating how 
farms are regulated. 
http://scim.ag/fish_farm 


NIH has given $2 million grants to six sci- 
entists in a new program aimed at increas- 
ing diversity of the scientific workforce. 
One grant would create an Institute for 
Accessible Science, with a wet lab and a 
social network to help students and scien- 
tists with disabilities. 
http://scim.ag/sci_diversity 


Senator Chuck Grassley (R—-IA) is concerned 
about outside groups paying for travel 
by intramural researchers at the National 
Cancer Institute. Staffers say the trips, 
often to other countries, are an important 
way to interact with the international sci- 
ence community. 
http://scim.ag/sponsored-travel 


For 2010 election coverage and 
more science policy news, visit http:// 
news.sciencemag.org/scienceinsider. 
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EARTHQUAKE RECOVERY 


hissummer devastated Yingxiu 


= (left) and Qingping. 


Slew of Landslides Unmask Hidden Geological Hazards 


CHENGDU, CHINA—Just before midnight on 
7 August, heavy rains in the mountains north 
of Zhouqu, in western China’s Gansu Prov- 
ince, unleashed a torrent of mud, boulders, 
and rubble on the slumbering town. Barreling 
in at about 10 meters per second, the debris 
flow smashed approximately 5500 houses, 
leaving 1765 people dead or missing. 

Ma Dongtao had suspected that Zhouqu 
was a tragedy waiting to happen—and he 
warned about the risks about a decade ago. 
In the summers of 1996 and 1997, Ma, a 
geotechnical expert now at the Institute of 
Mountain Hazards and Environment (IMHE) 
of the Chinese Academy of Sciences in 
Chengdu, and a colleague assessed hazards 
in the Zhouqu area. Like many settlements 
in mountainous regions, Zhouqu is built on 
an alluvial fan from earlier debris flows. The 
August disaster was the 12th damage-causing 
event since 1823. The researchers estimated 
that some 25 million cubic meters of loose 
rock and sediment had accumulated in two 
gullies north of town. Human activities like 
quarrying contributed to the precarious mass, 
but most of it, Ma believes, was deposited by 
landslides and rockfalls after a big earthquake 
in 1879. The findings suggested that debris 
flows could strike “more than 100 years after 
a major shake,” Ma says. 

If he is right, many river valleys in western 
China harbor hidden hazards. According to 
Tang Chuan, a geologist at the State Key Lab- 
oratory of Geohazard Prevention and Geo- 
environment Protection (SKLGP) at Chengdu 
University of Technology, some 60,000 land- 
slides occurred in valleys and gullies during 
and shortly after the magnitude-7.9 Wench- 
uan earthquake that struck in May 2008. 

During this year’s rainy season now draw- 
ing to a close, downpours triggered more than 
1000 debris flows across China, mostly in 
western Sichuan. So far, the number of debris 
flows in 2010 is more than double the total for 


2006, a bumper year for geological disasters. 
Experts blame the Wenchuan quake, and they 
warn that such hazards pose long-term chal- 
lenges to earthquake recovery. 

Within a week of the Zhouqu disaster, 
hundreds of debris flows to the south in 
Sichuan Province blocked roads and over- 
ran at least 11 settlements for people dis- 
placed by the Wenchuan earthquake. On 
the night of 13 August, a debris flow near 
the epicenter dumped about 700,000 cubic 
meters of sediment into the Min River, 
which overran its banks and flooded reset- 
tlement homes in Yingxiu. 

The same night, a giant debris flow inun- 
dated Qingping, site of the second biggest 
landslide triggered by the Wenchuan earth- 
quake. The flow’s runout, about 3 million 
cubic meters of sediment, was double that 
of Zhouqu, according to a survey by SKLGP 
geologist Yu Bin. But the Zhouqu disaster 
had put Qingping on high alert. When rains 
turned heavy at night, the town was evacu- 
ated about 2 hours before the debris flow 
struck. The toll—14 dead or missing— 
could have been far higher. But the threat 
to Qingping continues. Two more debris 
flows pummeled the town on 19 August and 
18 September. The total runout of the three 
flows was a small fraction of the 50 million 
cubic meters of boulders, rocks, gravel, and 
soil dumped into the gully by the quake- 
triggered landslide, says Yu. 

The third rainy season since the Wen- 
chuan earthquake has been a wake-up call. 
According to Tang, experts have underesti- 
mated the potential severity of postearth- 
quake secondary disasters. In the aftermath 
of the 2008 earthquake, the Sichuan gov- 
ernment commissioned an SKLGP team to 
assess future hazards to help guide recon- 
struction. The team’s report that October 
forecast an elevated risk of landslides and 
debris flows in the earthquake zone for 3 to 


5 years after the quake. Tang, however, thinks 
the risk will remain high for at least a decade. 

Indeed, this season’s disasters could be a 
harbinger of future woes. So far, debris flows 
in the 2008 quake zone have occurred in small 
catchments with drainage areas of less than 
10 square kilometers. It takes longer for sedi- 
ments to be transported out of larger catch- 
ments; for that reason, disasters in drainage 
basins with areas bigger than 10 kilometers 
could strike 20 or more years after a tremor, 
says IMHE’s Xie Hong, who has studied 
regional geological hazards for more than 
2 decades. "We should be worried about dor- 
mant debris flow gullies in large catchments 
in the earthquake zone," says Xie. Because 
sediment builds up gradually in large catch- 
ment areas and it takes heavier rains to sweep 
it out, “people have forgotten about past 
disasters and have built houses and factories 
in these gullies,” says IMHE geotechnical 
engineer Wang Quancai. 

Qingping’s leaders made the right decision 
by evacuating—but they also got lucky. It’s 
hard to accurately predict geological hazards, 
Xie says. Part of the challenge is that debris 
flows are primarily triggered by localized tor- 
rential rains that are difficult to forecast. 

The surest way to safeguard lives and 
property is to avoid building near debris flow 
paths, says Xie. Field surveys can look for 
telltale signs of dangerous buildups. After the 
1999 Chi-Chi earthquake in Taiwan, debris 
flows in the affected area were more frequent 
and triggered by smaller amounts of rain- 
fall, says Tang. He and Yu suspect that this 
phenomenon—threshold lowering—is 
occurring in the area affected by the Wench- 
uan quake. They are racing to gather precipi- 
tation data and survey as many disaster sites 
as possible to estimate runouts and flow rates 
before next season’s debris flows bury this 
year’s—both compounding and further cloak- 
ing the risk. -HAO XIN 
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NEWS OF THE WEEK L- 


ScienceNOW 


From Sciences Online Daily News Site 

Did ‘Snowball Earths’ Trigger 

Animal Evolution? NEW MON KEY SPECI ES 
Researchers have noted that two globe- ALLERGIC TO RAI N? 


girdling ice ages roughly coincided with the 


appearance of the earliest animals in the fossil Scientists have discovered a new monkey 
record. Now biogeochemist Noah Planavsky of species in the mountain forests of Burma. 
Woods Hole Oceanographic Institution in Mas- But with only an estimated 260 to 330 


sachusetts and colleagues propose in Nature 
that “snowball Earth” glaciations could have 
spurred evolution by increasing oxygen in the 
air and oceans. 


individuals alive, Rhinopithecus strykeri 
is already critically endangered, Thomas 
Geissmann of the University Zurich, Irchel, 


During a snowball-Earth episode, the in Switzerland and colleagues report in the 
team argues, the ice sheets ground up con- American Journal of Primatology. Locals call the creature “mey nwoah" or “myuk na 
tinental rock, releasing phosphorus. This key tok te,” meaning “monkey with an upturned nose.” Popular legend says the monkeys’ 
nutrient for marine plants then washed into uplifted nostrils make them sneeze when it rains, so they endure downpours by tucking 


the oceans when the glaciers retreated, fertil- 
izing algal blooms that could drive a surge 

in the production of organic matter. And the 
added organic matter that settled into the 


their heads between their knees. The animals are so rare that primatologists have yet 
to glimpse one alive. Instead, they relied on information from hunters and carcasses to 
estimate their numbers and create the image above using Photoshop. Although not a 


mud on the ocean bottom would leave addi- key game species, the monkeys often get caught in bear traps, and the influx of Chinese 
tional oxygen behind, eventually boosting logging companies is further jeopardizing their habitat, the researchers say. 
atmospheric and oceanic oxygen. http://scim.ag/new-monkey 


To check how the oceans’ phosphorus 
content varied over time, the team measured 


phosphorus in minerals formed in ancient colleagues used computer models to simulate a in The Astrophysical Journal Letters. 

oceans. During the past 3 billion years, phos- _ theoretical extrasolar planet population. A large Although such planets start off farther away 
phorus abundance varied little, except for a number of these alien worlds were hot super- from their stars than Earth is from the sun, their 
surge lasting from about 750 million years Earths, rocky planets up to 10 times the mass of stars slowly pull them in over about 100,000 
ago to about 635 million years ago, at the Earth that orbit their host stars in 24 hours or years, ripping them apart and eventually vapor- 
same time as two snowball-Earth episodes. less, the team reports in a paper to be published —_izing them. Schlaufman notes that life on these 


Other researchers call the link a fascinat- 
ing idea but say it needs more support from 
the geologic record. http://scim.ag/ice-O2 


scorching planets is totally out of the 
question. 

NASA's Kepler mission (pictured) 
to find Earth-like worlds is expected 
to announce the discovery of a slew of 
such hot super-Earths by early next year. 
http://scim.ag/hot-earths 


Hellish ‘Super-Earths’ Abound 
Bad news for E.T.: Astronomers predict that many 
of the galaxy’s planets orbit so close to their par- 
ent stars that their surfaces are seas of molten 
lava—hardly ideal conditions for life. 

Kevin Schlaufman, a graduate student at 
the University of California, Santa Cruz, and 
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Read the full postings, comments, and 
more at http://news.sciencemag.org/ 
sciencenow. 


Love Bugs Bacteria that inhabit fruit flies help sway their choice of partners, according to a new study. 
Recreating a 1980s experiment, microbiologist Eugene Rosenberg of Tel Aviv University in 
Israel and colleagues split one population of flies into two and fed them different diets. When combined after many 
generations, female flies preferred to mate with males raised on the same diet, a finding that had perplexed previ- 
ous experimenters. 
Rosenberg and his colleagues thought this was because changing the flies’ diet changed their bacteria. 


Sure enough, when the flies were treated with antibiotics before being placed together, the female 
flies were no longer choosy. The two groups of flies also had different levels of four sex hormones 
that signal when the flies are ready to mate, the team reports in the Proceedings of the National 
Academy of Sciences. The bacteria may even be driving speciation by causing individuals to 

mate selectively with each other over so many generations that they eventually become 

distinct from their brethren. http://scim.ag/love-bugs 
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CHINA 


Supercomputer Leaves Competition— 


FUZHOU, CHINA—China’s new supercom- 
puter, Tianhe-1A, is also the world’s fastest, 
topping by 47% the current titleholder, the 
Jaguar XT5 system at Oak Ridge National 
Laboratory in Tennessee. But while Chi- 
nese officials are hailing the 2.5-petaflops 
supercomputer as an example of indigenous 
innovation, some Chinese researchers are 
troubled by another fact: The number of their 
colleagues able to tap even a thimbleful of the 
machine’s power is surely minuscule. 

Tianhe-1A was developed by the Central 
Military Commission’s National University 
of Defense Technology (NUDT) in Chang- 
sha and housed at the National Center for 
Supercomputing in Tianjin, which is classi- 
fied as a secret facility. Despite its pedigree, 
the machine is expected to focus on civilian 
applications, including weather forecast- 
ing, animation, and modeling of petroleum 
reserves, according to Liu Guangming, 
director of the supercomputing center. 

It may be years, however, before Chi- 
nese software catches up with the hardware. 
It’s a “big embarrassment” for supercom- 
puter developers in China that their pow- 
erful machines have few users, says Xu 
Rongsheng, a computational physicist 


And Users—in the Dust 


turned network security expert in Beijing. 
“Few Chinese researchers know how to 
model a problem mathematically,” says Xu. 

Under the hood of the supercomputer, 
housed in 120 refrigerator-sized cabinets, 
are 14,336 Intel Xeon CPUs and 7168 
Nvidia Fermi graphics boards. NUDT engi- 
neers devised a novel interconnect—twice as 
fast as the U.S. standard—to take advantage 
of the number-crunching speed of graph- 
ics chips and the capacity of CPUs to solve 
complex equations. Develop- 
ers have also swapped in some 
of China’s own Feiteng-100 
CPUs for Intel chips. 

“The performance has 
proved that our CPU is very 
powerful,” China’s science 
minister, Wan Gang, said here 
this week at the annual meet- 
ing of the Chinese Association 
for Science and Technology. 
“It’s a substantial enhance- 
ment of the Tianhe-1 com- 
puter that was number seven 
on the [most recent] Top 500 
list,” says Jack Dongarra, a 
computer scientist at the Uni- 


versity of Tennessee, Knoxville, whose new 
listing of the fastest computers in the world 
comes out on 15 November. 

Applications, however, are where the rub- 
ber will meet the road. “Nurturing users for 
supercomputers is like a restaurant,” Liu told 
Xinhua. “It not only needs to cater to custom- 
ers with different tastes but also needs to have 
large-account customers to fill the restaurant.” 

For now, most supercomputer users in 
China are ordering off the kids’ menu. Only 
1% of the applications on China’s previous 
speed champ, the Dawning 5000A at the 
Shanghai Supercomputer Center, use more 
than 160 of the machine’s 30,720 cores. For 
comparison, 18% of the applications run- 
ning on Oak Ridge’s Jaguar XT5 use 45,000 


New leader. Software engineers work on China’s Tianhe-1A super- 
computer, which is the world’s fastest. 


PATENT POLICY 


Amicus Brief Unfriendly to Gene Patents 


The U.S. Justice Department waded into a 
battle last week over whether genes can be 
patented, surprising many with a sweeping 
new proposal. It argued in an amicus brief 
filed with the U.S. Court of Appeals that 
“genomic DNA that has merely been iso- 
lated from the body without further altera- 
tion or manipulation” should not be eligible 
for patenting. DNA of this type should be 
treated as a “product of 
nature,” not an invention, 
the brief says. 

Experts disagree on 
the likely impact of this 
principle—if adopted. 
The Biotechnology 
Industry Organization 


Locus of dispute. Patenting 
this gene was a mistake, says 
the U.S. government. 


Chromosome 17 


(BIO), a Washington, D.C., lobby, says 
the new stance could undercut many bio- 
tech ventures, particularly in agriculture. 
In a statement, BIO President and CEO 
James Greenwood said limiting gene pat- 
ents would be at odds with “more than 2 
decades” of U.S. national policy. Green- 
wood warned of dire consequences: If 
adopted, the change “would undermine 
U.S. global leadership and 
investment in the life sci- 
ences, harm U.S. economic 
growth and competitiveness 
at home and abroad, and be 
counterproductive to the 
Administration’s own initia- 
tives to fight cancer, develop 
renewable sources of energy,” 
and other goals. 

But the new position really 
is “not all that far-reaching, 


despite the rhetoric,’ says Robert Cook- 
Deegan, an expert on genetics and patents at 
Duke University’s Center for Genome Eth- 
ics, Law & Policy in Durham, North Caro- 
lina. Companies with early gene patents that 
want to maintain exclusive control of DNA 
might be affected, he says, but not younger 
ones that aim to develop products based on 
whole-genome analysis, where thousands of 
genes must be used. 

One company sits squarely in the cross- 
hairs: Myriad Genetics in Salt Lake City, 
Utah, which owns patents on the breast and 
ovarian cancer genes BRCA/ and BRCA2. 
In March, a New York federal district court 
ruled that some of Myriad’s key BRCA pat- 
ents were invalid and should never have 
been granted (Science, 9 April, p. 153). The 
judge in that case agreed with the Public 
Patent Foundation and the American Civil 
Liberties Union in New York City, which 
wanted the patents thrown out on grounds 
that “isolated DNA” is not an invention. 
Myriad appealed. 
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to 90,000 of the machine’s 150,162 cores, 
according to a presentation at last year’s 
announcement of China’s top 100 fastest 
computers. “A supercomputer without soft- 
ware is like a wild horse without a harness,” 
says Zhang Yunquan, a parallel computing 
researcher at the Institute of Software of the 
Chinese Academy of Sciences in Beijing. “Its 
horsepower is wasted.” 

The problem, in part, is cost. Most indus- 
trial applications on Chinese supercomput- 
ers use commercial software purchased from 
the United States and other countries, Zhang 
says. But because the price is proportional to 
the number of CPUs supported by the soft- 
ware, few Chinese users can afford licenses 
that support large numbers of CPUs. 

Wan told Science that he would like to 
see China develop its own applications in 
areas such as climate modeling and biotech- 
nology. That would require a considerable 
cash infusion in the 12th 5-year plan, set 
to begin next year. Software now gets only 
a penny of every dollar spent on hardware 
development, Zhang says. 

It may take months for Tianhe-1A to close 
in on its theoretical peak speed of 4.7 peta- 
flops. And by then it almost surely will have 
relinquished its top rank. According to Don- 
garra, five supercomputers in the 10-petaflops 
class are being built in Japan and the United 
States, home to more than half the supercom- 
puters on the top 500 list. 

-RICHARD STONE AND HAO XIN 
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In its amicus brief, Justice agreed in part 
with the lower court judge. “The chemical 
structure of native human genes is a prod- 
uct of nature,’ Justice said, “and it is no less 
a product of nature when that structure is 
‘isolated’ from its natural environment than 
are cotton fibers that have been separated 
from cotton seeds or coal that has been 
extracted from the earth.” 

But Justice’s brief also seeks to limit 
the scope of the ruling handed down by the 
New York court, arguing that some DNA 
patents—such as those covering comple- 
mentary DNA, vectors, and recombinant 
plasmids—should continue to be allowed. 

It is not clear who directed that this brief 
be prepared; some in the biotech commu- 
nity speculate that it was initiated by policy- 
makers at the White House. Nor is it clear 
whether the brief presages an actual change 
in patent policy. When asked about this, a 
Justice Department spokesperson said only, 
“the brief speaks for itself” 

—ELIOT MARSHALL 
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China's Brain Mappers Zoom In 
on Neural Connections 


Anyone in business, and even just fans of The 
Apprentice, knows that connections matter. 
Neuroscientists understand that, too, which 
is why a research team in China has gone 
to great lengths to create the most detailed 
three-dimensional map yet of all the con- 
nections between the neurons in a complete 
mouse brain. The project, unveiled this week 
online in Science (www.sciencemag.org/cgi/ 
content/abstract/science.1191776), hasn’t 
revealed any major surprises so far, but its 
data and the new automated instrument that 
produced the brain atlas provide an important 
foundation for future studies, researchers say. 

Mapping all the connections between 
neurons is crucial to understanding how the 
brain functions, or malfunctions, explains 
neuroscientist Mihail Bota of the University 
of Southern California in Los Angeles. Try- 
ing to figure out the brain without looking 
at its wiring, he says, is like trying to fix a 
car with all the right components but no idea 
how they’re connected: “You don’t know the 
input, you don’t know the output, you don’t 
know how the signal is processed.” 

The new brain atlas project resembles 
several recent efforts, though the previ- 
ous ones have not captured the same kind 
of detail as the China effort. Last year, a 
team of California researchers began slicing 
up the brain of psychology’s most famous 
amnesiac, Henry Gustav Molaison, to fig- 
ure out what exactly messed up his long- 
term memory (Science, 26 June 2009, 
p. 1634). And in 2006, the Allen Institute for 
Brain Science in Seattle, Washington, spent 
$41 million on its own 3D mouse brain map, 
which documents gene expression at a cel- 
lular resolution in an online database avail- 
able to neuroscientists. 

But neither of those projects imaged 
a whole brain at a resolution showing the 
axons and dendrites connecting all the nerve 
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cells. To accomplish this challenging task, 
the researchers, led by Li Anan of the Britton 
Chance Center for Biomedical Photonics in 
Wuhan, China, used a traditional slice-and- 
scan technique but in a newly automated 
fashion. After removing the centimeter-size 
brain from a mouse, they soaked the organ 
for 6 months in a cellular stain, then dried 
and baked it. Next, they placed the brain on 
a chopping block in the micro-optical sec- 
tioning tomography machine, a new instru- 
ment the team developed that incorporates 
a diamond knife that can slice tissue into 
wafer-thin strips micrometers thick. A light 
microscope and image recorder immediately 
captures a picture of each brain strip before 
the next one is cut. The instrument worked 
10 days nonstop to collect the data—eight 
terabytes in all—for the mouse brain atlas. 

Documenting normal neuronal connec- 
tions may be important because many of the 
brain’s more complicated maladies, such as 
autism or schizophrenia, may be rooted in 
circuit problems, according to neuroscientist 
Jason Bohland of Boston University. There’s 
a growing feeling among neuroscientists, he 
says, that social or linguistic disorders could 
be caused by disruptions in the pathways 
between nerve cells—and in order to figure 
out what’s going on at that level, scientists 
need more detailed maps. “You don’t have 
complex behavior emerging at the level of 
brain regions. You have it emerging at the 
level of circuits,” he says. 

The new images offer a broad, comprehen- 
sive outlook on the brain, one more focused 
on the brain’s architecture than its biology, 
says Kelly Overly, a neuroscientist at the Allen 
Institute. Still, it could be a valuable compar- 
ison tool for more specific, targeted studies. 
“There’s so many things you could do with 
this sort of data,’ says Bohland. 

—-KRISTEN MINOGUE 
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Panning for Science 


A new technology for creating and viewing stunningly high-resolution 
panoramic images is becoming a powerful research tool 
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WHEN NASA’S TWIN MARS ROVERS BEGAN 
sending detailed pictures to Earth in Janu- 
ary 2004, Randy Sargent, a computer sci- 
entist working on visualizations of those 
images, was enthralled by the sense of actu- 
ally exploring martian terrain. Onboard each 
rover, a camera known as the Pancam swiv- 
eled and tilted on command from NASA 
scientists. Sargent and his colleagues com- 
bined each exposure into a stunning digi- 
tal panorama of the Red Planet’s landscape. 
Scientists at the Jet Propulsion Labora- 
tory in Pasadena, California, could interact 
with the images on their computer screens, 
zoom in on fine details, hypothesize about 
what they were seeing, and pick the rovers’ 
next destinations. “The pan had so much 
resolution, it felt like peering through a little 
hole in the wall into another world,” recalls 
Sargent’s manager, robotics group leader 
Illah Nourbakhsh at NASA Ames Research 
Center in Moffett Field, California, who was 
then on sabbatical from Carnegie Mellon 
University (CMU) in Pittsburgh, Pennsyl- 
vania. “What stunned us was this feeling of 
presence, which a simple picture that is not 
interactive doesn’t give you.” 

That experience led directly to a technol- 
ogy that has become a powerful tool for teach- 
ing and public engagement with science and 
the natural world. Scientists are also using it 
for projects as diverse as analyzing Middle 
Eastern petroglyphs, monitoring an urban 


forest, archiving a museum insect collection, 
studying a collapsed honey bee colony, keep- 
ing tabs on glaciers, examining erosion in a 
jaguar reserve, and viewing Galapagos fish 
clustered into a bait ball. 

Soon after the martian panorama render- 
ings, Nourbakhsh challenged his team to 
think creatively about “blue sky” projects 
they could tackle. Aware of the intense rev- 
erence astronauts felt as they gazed at Earth 
from space, Sargent proposed bringing that 
kind of experience down to Earth by build- 
ing affordable equipment anybody could use 
to create explorable images. Nourbakhsh 
immediately recognized the idea’s potential 
for changing the relationship between viewer 
and image. “An explorable image is a disrup- 
tive shift away from the static image you just 
glance at, because now you have the power 
of exploration,” he says. “That sets people up 
with a different mindset because they decide 
where to zoom, where to go, what structures 
and details to see. And it’s not virtual, it’s not 
a video game. It’s real.” 

Sargent developed a prototype for what is 
now the GigaPan system. Users punch num- 
bers into a keypad on a robotic mount for a 
digital camera, specifying how expansive they 
want their panorama to be. A microprocessor 
calculates the size and number of exposures 
needed for the pan and moves the camera 
accordingly. A small robotic finger pushes the 
shutter button for each exposure. These are 


Rock art. A GigaPan of a remote outcrop in Saudi 
Arabia helps see and date drawings chipped 
through the “desert patina” on the rock face. 


stitched together to form a panorama with a 
resolution 1000 times that of HDTV. The larg- 
est GigaPan has 100 gigapixels. 

The final image contains more data than 
most personal computers can handle, so Nour- 
bakhsh and his team developed a massive 
server system and Web site, www.gigapan. 
org, for storing and accessing GigaPans. When 
viewers zoom in on an area of an image, they 
seem to fly into the image itself. The result is 
an immersive, interactive experience that can 
reveal surprising details—an ant on a leaf ina 
forest, or a hummingbird sipping nectar from 
a flower in a backyard. It’s like viewing nature 
through a huge magnifying glass. 

Sargent, who now has a joint appointment 
at NASA Ames and CMU, and Nourbakhsh, 
head of CMU’s CREATE Lab, founded 
GigaPan Systems LLC in 2008 to manu- 
facture and sell the systems at close to cost 
($299 to $895). They are continuing to 
develop technology for creating and viewing 
high-resolution scans as co—principal inves- 
tigators of the Global Connection Project, a 
joint development between NASA Ames, the 
CREATE lab, Google Inc., and the National 
Geographic Society. 


Gigapixel science 

GigaPans have captured the public’s imagina- 
tion. Five thousand systems have been bought, 
and today the site hosts 40,000 public pan- 
oramas that draw 20 million visitors a year; 
another 20,000 are in private areas of the site 
while contributors work on them. Sargent and 
Nourbakhsh began training scientists to shoot 
GigaPans in 2008, and some 120 investigators 
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are now using the system in their research. 
In mid-November, scientists will share find- 
ings at the Fine International Conference on 
Gigapixel Imaging for Science, hosted by 
CMU and the CREATE lab. 

Paleontologist K. Christopher Beard and 
archaeologist Sandra Olsen of the Carnegie 
Museum of Natural History in Pittsburgh 
and photographer Richard T. Bryant trained 
their GigaPan on remote Saudi Arabian petro- 
glyphs, including the Eagle’s Nest in Juba. 
The engravings date back to the Holocene 
Wet Phase (9000 B.C.E.—5000 B.C.E.) when 
the environment resembled that of today’s 
African savanna, and lions, gazelles, chee- 
tahs, wild asses, and hyenas roamed the land. 
Camel drawings accompanied by 
writing appeared in 1500 B.C.E, 
followed by images of horses and 
chariots. “You can see grains of 
sand, details of grooves and peck- 
ings, and the relationships between 
the images, which is important for 
dating,” marvels Olsen, who runs 
the museum’s anthropology section. The tech- 
nology reduces the time spent on expensive 
on-site research. “We can be there briefly pro- 
ducing GigaPans, take that data home, and 
study images at our leisure on a wide-screen 
computer,” Olsen says. 

The technology also lets Olsen share 
data easily with colleagues and peer review- 
ers. “This is the closest to being there,” says 
Olsen. Such data sharing lets colleagues per- 
form the same kind of analysis she does, and 
below her panorama they can post details 
they found and annotate them. 

M. Alex Smith, a molecular ecologist at 
the University of Guelph in Canada, is deploy- 
ing the technology closer to home. He is using 
GigaPans to monitor the “Dairy Bush,” an 


www.sciencemag.org SCIENCE 


Online 


sciencemag.org 
The online 
R version of this 
article links to the 
highlighted GigaPans. 


urban forest that has been part of the Guelph 
campus since 1830. The 8.5-hectare wood lot 
contains rare and listed species, but this living 
laboratory for ecology students has degraded 
as its surroundings changed from farmland to 
condos and shops, and invasive species gained 
a foothold. To monitor such pressures, Smith 
abandoned the rough, “Victorian method of 
pencil and paper” for the GigaPan’s preci- 
sion. Since August 2009 he has taken weekly 
shots from the same location, which enabled 
him to discover phenomena and return with 
questions he had not known to ask. “There’s 
a chokecherry on the lower left quarter of the 
pan full of insects from spring to fall that I 
wasn’t seeing,” he says, “and assassin bugs 
and parasitic wasps I wasn’t aware 
of.” Users worldwide have dis- 
cerned, grabbed, and sent shots of 
snails, caterpillars, and trash. 

Smith has also produced a 
time-lapse video of his series 
of pans, now on YouTube. The 
video helped him study the for- 
mation of the Dairy Bush tree canopy, which 
is critical to quantifying a forest’s response 
to climate change. Time-lapse video is not 
zoomable now, but at the November confer- 
ence Sargent and Nourbakhsh will unveil 
a viewer that will let users zoom and move 
back and forth in time. 

For John Rawlins, curator of invertebrate 
zoology at the Carnegie Museum of Natu- 
ral History, the GigaPan is an opportunity to 
archive and share a 17-million-bug collection. 
The advantage of “pixel traveling” is “scary 
in a way,” Rawlins says, because the stag- 
gering sharpness reveals minutiae—spinules 
(thorny spikes) on legs or the microsculpture 
of forewings, for example—that can easily be 
missed while examining a bug under a micro- 
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Fine details. Snails in an urban forest and the tex- 
ture of a beetle’s carapace show the power of Giga- 
Pans to home in on details. 


scope. Rawlins forecasts that such detailed 
and accessible archives will allow research- 
ers to identify insects rapidly using automated 
image analysis and pattern searching. 

With that goal in mind, Rawlins is col- 
laborating with Gene Cooper, president of 
Four Chambers Studio in Vallejo, California, 
and CMU to develop a microGigaPan using 
an optical microscope. One effort involves 
imaging a Powdermill butterfly from the 
1950s. Rather than compare two side-by-side 
photographs of its front and back, this sys- 
tem makes possible simultaneous inspection 
through pixel layers of varying transparency, 
so the viewer can evaluate wing markings as if 
passing through the insect. And the next step 
beyond microGigaPans is coming soon: nano- 
GigaPans, with as high as 8000 times magni- 
fication (0.01 gigapixels). NASA Ames’s Jay 
Longson and Rich Gibson have adapted scan- 
ning electron microscopes to produce extreme 
close-up pans of insects, cells, and seeds. 

There are drawbacks to the technology. 
It can take hours to shoot sections of a pan 
and stitch them together, for example, and 
sometimes the stitching software has trou- 
ble matching uniform patches, like sky. And 
Nourbakhsh is concerned that his team has 
created yet another technology that enables 
people to spend all their time exploring on 
their computers instead of experiencing the 
world firsthand. But from martian vistas to 
cellular landscapes, GigaPans are putting 
science in the picture in interesting new 
ways. Some day a picture may well be worth 
1000 gigapixels. -KAREN A. FRENKEL 
Karen A. Frenkel is a science writer in New York City. 
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it of the Mist 


\Water-starved communities are betting that 


a fog-harvesting forest will one day 
quench their thirst 


' = Netting the fog. Large plastic. nets 
suspended on top of a hill trap-moisture 
from the sea air to provide watebintoastal 
Lima, where it rarely rains. 


LIMA—On a sand dune on the outskirts 
of this city, residents of a shantytown are 
attempting to grow a forest. This coastline 
is one of the driest regions on Earth—Lima 
receives less than 1.5 centimeters of rain per 
year. Nevertheless, the forest plan is not as 
crazy as it sounds, as these Incan hills were 
wooded until Europeans cut the trees for 
lumber in the 1600s. 

Javier Torres Luna is hoping that reforest- 
ing the dunes above his hastily constructed 
plywood home will provide a long-term 
solution to an urgent problem: There is no 
water in his community for drinking, wash- 
ing, or sanitation. And there is certainly none 
for forestry irrigation. 

But change is in the air. Literally. 

It’s not that there’s no water in Lima; it’s 
just that there’s no rain. From May through 
November, the chilly Humboldt ocean cur- 
rent cools the water-laden air coming from 
the Pacific, preventing rain along the coast. 
Instead, this thermal inversion blankets the 
city ina thick, gray fog. 

Over the past couple of years, Luna and 
his neighbors have erected a series of 4-meter- 
high nets at the top of the dune to capture 
precious drops from the wet air. In as few as 
4 years, Luna’s irrigated saplings will them- 
selves trap the fog, creating a microclimate 
that should yield a self-sustaining runoff. 

Fog harvesting and other experiments, 


such as painting mountains (see p. 751), are 
how Luna and other Peruvians are trying to 
adapt to a heightening water crisis. Peru is los- 
ing its glaciers, a key source of water for the 
country, and the government is struggling to 
come up with solutions, particularly for Lima. 
“Fog nets are an extremely useful idea,” says 
Elizabeth Silvestre, scientific director of the 
National Meteorological and Hydrological 
Service in Lima. “As water shortages become 
more of a pressing issue, we are going to have 
to expand adaptive techniques like this.” 


A thirsty city 

The world’s largest desert city after Cairo, 
Lima is entirely dependent for its water and its 
electricity on the seasonally erratic, drought- 
prone Rimac River. Two-thirds of the glacier 
at the Rimac’s headwaters has disappeared, 
decreasing the river’s glacier-contributed vol- 
ume by 90% in the past 40 years. The littlh— 
highly contaminated—water that remains is 
primarily from rainwater. 

Unfortunately, because of climate change, 
the glaciers are only getting smaller. Not only 
are warmer temperatures melting glaciers, 
but rain that used to fall as snow is also wash- 
ing them away. In just 30 years, Peru’s total 
glacier-covered area has shrunk from 2000 to 
1500 square kilometers. That represents an 
estimated 7 billion cubic meters of water—the 
equivalent of 10 years of water consumption 


in Lima. To make matters worse, the lakes at 
the base of the glaciers, on which thousands of 
rural people depend, are disappearing as well. 

Water shortages and drought have 
driven many people, such as Luna, from the 
countryside to the cities. More than 80% of 
Peru’s population now lives on the country’s 
desert coastal strip. Well over half of them— 
9 million—call Lima home. This migration 
is putting even greater pressure on the city’s 
dwindling water resources. 

Part of the problem is that the state agency 
charged with managing Lima’s water sup- 
ply, Sedapal, is not doing a great job, losing 
by its own admission some 40% of the city’s 
220-million-cubic-meters-per-year supply 
through leakages and theft. Even in the wealth- 
ier parts of downtown Lima, businesses and 
residences periodically have nothing flowing 
through their taps. 

But the problem is far worse in the 1800 
slum communities that are home to some 
2 million migrants. There, it can take 
decades to be hooked up to the city’s supply, 
says Abel Cruz, director of Peruvians With- 
out Water, an action group started by Cruz in 
reaction to the poorest Peruvians having to 
pay the most for water. Lacking a municipal 
source, they must hire private water trucks, 
paying 10 times what downtown Lima resi- 
dents pay for city water. 

“And because these water companies are 
private and not monitored, they supply cheap, 
contaminated water that makes us sick,” says 
Cruz, who lives in a community neighboring 
Luna’s. The slums have a high incidence of 
dysentery and other waterborne diseases. 


Out of thin air 

Luna and his neighbors have given up waiting 
for the city’s help. With assistance from the 
German nonprofit organization Alimon, the 
community has built reservoirs and tanks and 
constructed 8-by-4-meter plastic nets, sup- 
ported by steel cables secured to poles, on the 
top of the dune to trap the precious fog. Fog- 
carrying wind from the ocean collides with 
the nets, and all the condensing water sounds 
like a gushing fountain. In the sunny season, 
January to April, weeks can go by without the 
nets collecting a drop, but from May through 
November, the fog is a thick, daily occur- 
rence. The record catch per net is 590 liters in 
a single day. “We had no idea it would work so 
well,” Luna says. 

Water courses down the nets where it is 
captured in gutters and stored in tanks. It 
falls by gravity, irrigating tree saplings, and 
then continues through a sand filter after 
which it can be used by the community. The 
fog water collected is more than sufficient 
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for the tree nursery but not enough for every- 
one’s daily needs—currently a meager 10 to 
15 liters per person. For that they must wait 
until their cloud forest has grown enough to 
make the nets redundant. 

Fog collecting is not a new idea: Indig- 
enous cultures from Europe to Africa have 
exploited the natural fog-harvesting proper- 
ties of trees to catch their water. In the Span- 
ish Canary Islands, for example, people 
used to construct funnels at the base of trees 
to collect the fog runoff. 

Alimon biologist Kai Tiedemann spent a 
decade researching the fog-harvesting prop- 
erties of various Canary Island trees. “From 
walking through a forest, it’s possible to see 
that some trees harvest fog—they are drip- 
ping—whereas others are dry,’ Tiedemann 
says. He tested several types of trees and 
bushes, hanging the branches from a line sus- 
pended in the coastal fog and measuring the 
volume of water produced by each. “The ones 
with needlelike [rather than broad] leaves 
were the best fog harvesters,” and those with 
leaves oriented vertically rather than horizon- 
tally were the best, he explains. 

Certain trees are highly adapted to harvest 
fog water—some, like the Californian red- 
wood trees, satisfy the majority of their water 
needs in this way. The trees create a physical 
barrier that intercepts and precipitates fog that 
would otherwise rise and dissipate in the warm 
air. In doing so, the trees create a localized 
water cycle: The fog water collected on leaves 
drips down and nourishes grasses, shrubs, and 
other plants that in turn trap their own water. 
All this dripping water sinks into the ground, 
filling wells and giving rise to small streams 
that people can use. 

The technique works. In the 1800s, Brit- 
ish naturalist Charles Darwin helped to make 
the dry, volcanic Ascension Island habitable 
for British troops stationed there by forest- 
ing a hill with seedlings brought from botanic 
gardens in London. In 20 years, there was 
enough water to grow food for hundreds of 
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Urban forestry. Residemtsjorthis slum 
settlement are hoping tose fog water 
to reforest the hill above their homes. 


troops. “The once-barren hill is now known 
as ‘Green Mountain,’” says ecologist David 
Wilkinson of Liverpool John Moores Univer- 
sity in the United Kingdom, who is an expert 
on the island’s ecosystem. “This experiment 
shows that such an ecosystem that would nor- 
mally take millions of years to develop can be 
created in a matter of decades.” 

Tiedemann and his partner Anne 
Lummerich decided to try this approach in 
the bone-dry outskirts of Lima. They selected 
a native species, Caesalpinia spinosa (“tara” 
in Spanish), for planting. It was the second- 
best collector among four they tested, but 
it is commercially valuable, so it offers two 
benefits: to harvest fog water and to produce 
fruit that could generate new income for the 
community. Tara fruit is used to produce an 
organic acid for the tire, tanning, and herbal 
medicine industries. 

Other organizations are also proposing 
fog-harvesting projects, with plans for as 
many as 20 nets in some Lima communities. 
There is some debate over which nets are the 
best design. Robert Schemenauer, who heads 
the Canadian nonprofit FogQuest based in 
Vancouver, pioneered fog harvesting with a 


Desperate measures. 

At 4500 meters above sea 
level, Peruvian villagers 
are painting a mountain- 
side white to try to keep it 
cool. They plan on allow- 
ing water to trickle over 
the lightened landscape 
so it freezes and starts 
rebuilding a glacier. They 
are already seeing ice for- 
mation, but the plan has 
been met with skepticism. 
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small experiment in the Chilean desert some 
20 years ago. He developed the Standard Fog 
Collector, a simple, double-layer net system 
(double so as to improve drainage), used by 
Luna’s community, which removes 60% of 
the water in the air that hits it. Schemenauer’s 
model is now being used in projects in Oman, 
Namibia, Guatemala, and elsewhere. 

Lummerich and Tiedemann now say they 
have improved on Schemenauer’s standard 
model. Alimon’s latest Eiffel Tower design, 
located above a community near Luna’s, is a 
three-dimensional system. The double layer 
is separated by strips of netting oriented 90 
degrees to the main nets, capturing fog from 
the different wind directions. With this model, 
they say, each net achieves a yield of 300 liters 
per day, averaged over a year, and a best yield 
that tops 2650 liters per day, six times the yield 
of the Standard Fog Collector model—some- 
thing Schemenauer disputes as “impossible.” 

This July, at an international congress on 
fog research and fog collection, held in Miin- 
ster, Germany, several new designs were 
pitched. They included a hexagonal “bee 
hive” system that can be lived in, an enhanced 
natural net fiber, and a Buckminster Fuller— 
inspired design. 

No matter what the net design, this tech- 
nology may not be the long-term solution 
that thirsty Lima residents yearn for, how- 
ever. “Fog harvesting will only provide for 
people’s drinking, washing, and small-scale 
agricultural needs,” says Schemenauer. Once 
a community gets large enough to support 
businesses, such as cafes, swimming pools, 
and so on, the per capita daily water use goes 
up from about 45 liters per person to hun- 
dreds. Then, governments need to invest in 
piped water supply. 

And fog nets won’t work just anywhere. 
On the Peru-Chile coast, nets must face the 
prevailing wind 500 to 700 meters above 
sea level and 5 to 10 kilometers inland to be 
most effective. 

Finally, climate change brings more uncer- 
tainty. Typically, the ocean-warming phenom- 
enon of El Nifio, which occurs off the Pacific 
coast at roughly 5- to 7-year intervals, leads to 
more fog. But as these episodes become more 
intense in the future, scientists are divided 
over whether they will bring more fog or less. 
It could be less because the fog-carrying air 
may be so warm that the fog droplets will be 
too small to be captured by the nets, and the 
moist air will rise too high for the nets. 

For the moment, however, Luna is betting 
that watering trees might just solve his water 
problem. -GAIA VINCE 


Gaia Vince writes on environmental issues in the devel- 
oping world at wanderinggaia.com. 
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ARCHAEOLOGY 


Using Old Insects to Sleuth Out 
New Clues to Ancient Cultures 


From Moche burials in Peru to trash dumps in Akhenaten’s Egypt, traces of insects 
are revealing ancient human societies and behavior 


Criminal investigators have long recognized 
that insects can help solve crimes. As early 
as 1247 C.E., Chinese writer Sung T’zu 
described in a text how a magistrate solved 
the case of a peasant slain with a sickle. The 
magistrate lined up the suspects on a sunny 
day and asked each man to lay his sickle on 
the ground. As the magistrate waited, blow- 
flies began swarming on one man’s blade. 
Strongly attracted to carrion, the flies had 
detected traces of blood adhering to the 
murder weapon. 

Today, entomologists routinely analyze 
insects at crime scenes to assist police. Now 
a wave of new studies extends this detec- 
tive power back to the ancient past. Archae- 
ologists studying diverse times and places 
are finding that insects can reveal details of 
ancient life available from no other source. 
By applying their knowledge of insect biol- 
ogy and behavior, entomologists have helped 
archaeologists to reconstruct the mortuary 
practices of the Moche in Peru, illuminate the 
sanitary—or unsanitary—conditions of an 
ancient Egyptian city, detail the environment 
of early humans in Britain 780,000 years ago, 
and probe the possibility of very early agri- 
culture in Japan 9000 years ago. These new 
studies by no means exhaust the possibilities, 
says entomologist and forensic anthropolo- 
gist Robert Pickering of Gilcrease Museum 
in Tulsa, Oklahoma. “Wherever people have 
been, there was an insect community either 
on them or with them,” he says. “By studying 
these insects we can create a clearer picture 
of the past.” 

In a grisly example published in this 
month’s issue of the Journal of Archaeo- 


logical Science, archaeoentomologist 
Jean-Bernard Huchet of the University of 
Bordeaux | in France and entomologist 
Bernard Greenberg of the University of Illinois, 
Chicago, identified 1700-year-old fly remains 
to understand how the Moche people treated 
their dead. The Moche were largely maize 
agriculturalists who flourished between 
100 C.E. and 700 C.E. and are known for 
depictions of human sacrifice in their art. 
Skeletal remains suggested that the Moche 
developed complex mortuary rituals, includ- 
ing delayed burials and reopened graves. 

To probe such rituals, researchers ana- 
lyzed insect remains. While excavating 
57 graves at the site of Huaca de la Luna 
on Peru’s north coast, CNRS archaeolo- 
gist Claude Chauchat of the University of 
Paris in Nanterre found hundreds of small, 
barrel-shaped casings, each of which once 


Plenty of pupae. Insect casings left in a grave 
more than 1700 years ago reveal the complex 
mortuary rites of Peru’s Moche culture. 


protected an insect pupa. Chauchat asked 
Huchet to identify nearly 200 puparia and 
other insect remains found in the grave of 
a young adult male who died between 1700 
and 1900 years ago. “This was the grave 
richest in insects,” says Huchet, “with a lot 
of diversity of species.” 

Huchet and Greenberg examined each 
puparium with a scanning electron micro- 
scope and compared diagnostic features— 
such as the contours of the respiratory slit— 
with those of known Peruvian species. The 
casings belonged to three taxa: houseflies 
(Muscidae); blowflies (Calliphoridae); and 
flesh flies (Sarcophagidae). Huchet also 
identified a fragment belonging to the Trogi- 
dae, or carcass beetles, and determined that 
parasitic wasps hatched in some puparia. 

He then gathered published data on the 
life history of these species. To find out 
when previously unstudied species began 
breeding on carrion, he conducted experi- 
ments in Peru by leaving out chunks of pork. 
Several of the flies had different timetables. 
One blowfly, for example, preferred laying 
eggs on the newly dead, whereas a certain 
species of housefly favored breeding on rot- 
ting, 2-week-old carcasses. The team drew 
up a timeline for insect succession on the 
ancient cadaver and concluded that the body 
had lain in the open for | month. 

Why did the Moche hold off burying the 
dead? Huchet thinks they wanted to attract 
certain flies and their flesh-eating larvae as a 
way of releasing the human spirit after death, 
a practice followed by later Andean peoples. 
During the 17th century, indigenous Peruvi- 
ans told a Spanish chronicler that “the cadaver 
must be left long enough to breed worms [fly 
larvae] so its anima can emerge and escape 
in the form of flies.” The idea fits well with 
Moche iconography. One surviving Moche 
ceramic bottle, for example, depicts hovering 
flies as Moche warriors led male prisoners off 
for sacrifice (see image above). 

The Moche burials are “like a detective 
case,” says physical anthropologist John 
Verano of Tulane University in New Orleans, 
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Lords of the flies. A Moche image shows insects 
hovering over prisoners being led to sacrifice. 


Louisiana, “and Huchet is opening the door 
to a more nuanced reading of the dead.” The 
findings are “both dramatic and convincing,” 
agrees University of Bordeaux anthropologist 
Henri Duday, and point to “all the progress 
we can now expect” from studies of insects. 


Taking out the trash in Amarna 

As studies of insects mature, they may com- 
plement—or contradict—other kinds of 
data. For example, tomb paintings depict the 
ancient Egyptian city of Amarna, founded 
in 1353 B.C.E. by the pharaoh Akhenaten, 
as a healthy, well-organized place. Archae- 
ologists have even found a kind of landfill 
there, suggesting some form of organized 
trash disposal. But insect remains examined 
by paleoentomologist Eva Panagiotakopulu 
of the University of Edinburgh in the United 
Kingdom and her colleagues reveal a far 
more casual approach to garbage. 

Archaeologists working in an affluent 
part of Amarna recovered insect remains 
and plant debris from deposits sandwiched 
between two house floors. The lower floor 
belonged to a small early house, but the upper 
floor was part of a large dwelling owned by 
Akhenaten’s chief charioteer, Ranefer, men- 
tioned in door-post inscriptions. Because 
the area between the floors was sealed, the 
insects must have been deposited in the 
25 years or so that Amarna was occupied. 

In work published in the Journal of 
Archaeological Science in October 2009, 
Panagiotakopulu and Paul Buckland, a 
private paleoentomologist, identified 37 
insect taxa from fragments of exoskeletons, 
puparia, and desiccated larvae. The beetles 
were largely pests of stored cereal grains, 
suggesting that someone had dumped badly 
infested grain on the first house floor. The 
researchers also found traces of swarming, 
breeding flies, mostly the housefly Musca 
domestica, which frequents “foul and dirty 
areas, especially when found in large num- 
bers,” says Panagiotakopulu. The team also 
identified two beetle species that feed on 
teeming maggots. 

To archaeologist Paul Nicholson of Car- 
diff University in the United Kingdom, the 
data strongly suggest that local residents 
threw their garbage into the early house after 
it was abandoned and before Ranefer built 
there. “It looks as if some of the refuse was 
just taken out and dumped,” says Nicholson, 
“so there must have been some really quite 
unpleasant areas in ancient Egyptian towns.” 

In other cases, insects may offer details 
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Early pests. Microscopy (top) and CT scanning 
(above) show traces of maize weevils (center) in 
Japanese pots at least 9000 years old. 


that fit with other evidence. For example, a 
well-preserved insect assemblage recently 
helped to reconstruct the ancient environment 
at Happisburgh Site 3 in England, occupied by 
early humans sometime between 780,000 and 
1 million years ago. Previous evidence had 
suggested that hominins expanded into north- 
west Europe only when a warm, Mediterra- 
nean climate prevailed there. But paleoento- 
mologist G. Russell Coope of the University 
of Birmingham, working with team leader 
Simon Parfitt of University College Lon- 
don, found that although most of the nearly 
150 beetle species from Happisburgh sam- 
ples were temperate species, a few inhabited 
boreal forests. 

Coope then examined the modern cli- 
matic ranges of 34 of the species and calcu- 
lated summer and winter temperatures in the 
overlap zone. He concluded that the mean 
temperature in Happisburgh’s coldest month 
fell to -3°C—colder than today. Such data 
give a far more local picture of climate than 
those obtained from oxygen isotope records 
found in ocean sediments, Coope says. 

Together with other environmental data, 
Coope’s work indicates that Happisburgh’s 
early hominins ranged across a region whose 
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climate was similar to that of southern Scan- 
dinavia today. So “early Paleolithic humans 
were either a damn sight more sophisticated 
than we thought, being able to tolerate such 
cold conditions,” Coope says, “or alterna- 
tively, they could have been migratory, mov- 
ing north only during the summer.” 

Insect traces are also hinting at precocious 
human capabilities in a completely different 
time and place: an early Holocene site in 
Japan. Researchers studying 4000-year-old 
potsherds made by the ancient Jomon peo- 
ple have found tiny holes in the clay made 
by maize weevils, which commonly infest 
stored rice and barley today. More recently, 
a team led by archaeologist Hiroki Obata 
of Kumamoto University in Japan found 
seven such weevil-shaped cavities, each 
only about 3 millimeters long, in charcoal- 
bearing potsherds dated all the way back to 
9000 years ago at Sanbonmatsu in southern 
Japan; unpublished data suggests the sherds 
may be even older. 

In work announced in Nature Precedings 
in May 2010, Obata and his team injected 
each weevil hole with silicone to make a cast 
of the insect, which apparently got into the 
wet clay as the pot was being made. Scan- 
ning electron microscopy photographs and 
computed tomography scans suggest that 
the insect casts were those of maize weevils. 
“We were very surprised to find the old- 
est maize weevils,” says team member Aya 
Manabe of Kumamoto University. 

But what were these weevils eating so 
long ago? The earliest widely accepted evi- 
dence for rice cultivation in Japan is rice phy- 
toliths that date only to 4000 to 3000 years 
ago. So Obata and his team suggest that San- 
bonmatsu’s weevils infested stores of wild 
foods, such as bamboo seeds or acorns. 

Other researchers aren’t so sure. Sanbon- 
matsu lies in “an area of Jomon precocity,” 
says archaeologist Richard Pearson of the 
University of British Columbia, Vancou- 
ver, in Canada. As early as 11,000 years ago, 
Jomon families there resided in large villages 
and relied heavily on plant foods, as shown by 
an abundance of grinding stones. It’s possible 
that this precocity was fueled by some kind of 
early horticulture, says Pearson. “More evi- 
dence is clearly necessary,” he adds. 

Whatever the Jomon people and their 
weevils were eating, entomologists agree 
that the surge of interest in very old insects 
bodes well for studies of the past. “I’m just 
staggered,’ Coope concludes, “by what can 
be done with insects in archaeology.” 

—HEATHER PRINGLE 


Heather Pringle is a contributing editor at Archaeology 
magazine. 
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edited by Jennifer Sills 


The Hazy Details of Early Earth's Atmosphere 


IN THEIR REPORT “FRACTAL ORGANIC HAZES PROVIDED AN ULTRAVIOLET SHIELD FOR EARLY 
Earth” (4 June, p. 1266), E. T. Wolf and O. B. Toon base their fractal haze theory on the assump- 
tion that the Archean atmosphere was primarily N,. The Report includes no reference for this 
“prevailing view,” and much evidence can be amassed against it. Geologists since Darwin have 
uniformly argued for a CO,-dominant atmosphere for the early Earth (/, 2). 

The evolutionary roots of biochemistry draw on CO, and H, as the main nutrients of life. 
Life also requires the extra proton power afforded by chemiosmosis, an energy source that 
must have been available to emergent life (3—5). Primordial metabolism may have been based 
on minerals catalyzing the reaction between CO, and H, via the acetyl coenzyme-A pathway 
(6). Furthermore, data that enzymes involved in synthesizing sugars predate those that catabo- 
lize them (7) does not support the theory that catabolism of preformed organic molecules was 
the driver to life’s emergence. 

C. F. Chyba (“Countering the early faint Sun,” Perspectives, 4 June, p. 1238) offers one 
alternative (i.e., autogenic) model: Wachtershauser’s surface metabolism (8). However, this 
hypothesis fails because the initial conditions invoked offer nei- 
ther a natural protonmotive force to drive biosynthesis, nor a 
compartment for its focus. The alkaline hydrothermal hypoth- 
esis does address this (8) and other aspects of life’s onset, in a 
model that leads logically to the acetyl coenzyme-A pathway, 
without resorting to contingency (9). 

MICHAEL JOHN RUSSELL 
Planetary Science, Jet Propulsion Laboratory, Pasadena, CA 91109-8099, USA. 
E-mail: mrussell@jpl.nasa.gov 
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Titan's haze. Early Earth's atmosphere may have 
resembled that of Saturn's moon Titan. 


Response 

RUSSELL ARGUES THAT A TITAN-LIKE VIEW 
of the early Earth is inaccurate and that a 
CO,-dominated atmosphere is more likely. 
This view dominated thinking in the 1980s 
and 1990s, but has since been in decline. 
Geochemical arguments have been made 
supporting low CO, abundances. Rosing et 
al. argue that the presence of magnetite in 
banded-iron formations constrains atmo- 


spheric CO, to a mere 3 times the present 
atmospheric level (/). Moreover, vigorous 
plate tectonics would likely have seques- 
tered most CO, within the mantle (2). Russell 
assumes that N, was not likely the dominant 
gas. However, Goldblatt et al. (3) suggest that 
a higher fraction of Earth’s total nitrogen bud- 
get was present in the young atmosphere than 
today. In contrast to Russell’s assumptions, 
these recent studies point toward a young 


atmosphere dominated by N, and requiring 
greenhouse gases in addition to CO, to keep 
the young Earth warm. 

Admittedly, achieving high methane con- 
centrations before organic material existed 
on Earth is difficult (4). However, methane 
concentrations of 1000 parts per million or 
higher supplied by methanogens are pre- 
dicted for the postbiotic Earth (5). When 
the CH,/CO, ratio rose above 0.1, N,—-CH, 
photochemistry could proceed (6), creating 
the ultraviolet-shielding fractal organic haze 
we described. Ammonia could have been 
protected from photolysis beneath the haze, 
yielding an atmosphere rich in both CH, 
and NH,, thus making it possible for these 
inorganic material to yield 
organic compounds (Miller- 
Urey chemistry), as we noted 
in our Report. 

Although our work makes 
no attempt to address the spe- 
cific biochemical mechanisms 
that lie at roots of life, we do 
address important questions 
regarding the atmospheric 
composition and climate of 
the Earth at the time when 
life first flourished. Recent 
studies (6, 7) along with the 
evidence amassed against a 
CO,-rich atmosphere indicate 
that the Archean was at least 
mildly reducing. Whether the 
very first life was formed as a direct result of 
chemical reactions of inorganic material, as 
indicated by Miller-Urey chemistry, is up for 
debate, but given the emerging new picture 
of the Archean, surely Miller-Urey chemistry 
would have proceeded at some point early in 
the Earth’s history. The haze chemistry itself 
would have produced organics at a rate that 
would likely dwarf the production of organics 
from the hydrothermal vent systems favored 
by Russell (5). Laboratory studies have con- 
firmed that complex organics are readily 
produced in early Earth-like environments 
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containing N,, CO,, CH,, and H, (8). The 
organic haze particles may have been edible 
and would have precipitated into the young 
oceans, creating an organic soup consistent 
with Miller-Urey (9). 

E. T. WOLF* AND O. B. TOON 
Laboratory for Atmospheric and Space Physics, Department 


of Atmospheric and Oceanic Sciences, University of Colorado, 
Boulder, CO 80309-0392, USA. 


*To whom correspondence should be addressed. E-mail: 
eric.wolf@colorado.edu 
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Response 

RUSSELL PROPOSES THAT EARLY EARTH'S 
atmosphere contained primarily CO, and 
lacked N,. For this idea to make sense, one 
must explain how volcanic outgassing or 
comet/asteroid impact delivery of the early 
atmosphere’s constituents could provide CO, 
yet sequester N.,. 

In my Perspective, I focused on the impli- 
cations of the Wolf and Toon Report for early 
Earth’s greenhouse; I only briefly touched on 
its implications for the origin of life. Wolf 
and Toon’s model removes one of the long- 
standing objections to an early atmosphere 
with substantial methane and ammonia, and 
therefore to the Miller-Urey organic “build- 
ing block” approach to the origin of life. 
Their model cannot speak to other impor- 
tant objections to the building-block hypoth- 
esis. I contrasted the Miller-Urey picture with 
metabolism-first theories in which life orig- 
inates with autocatalytic cycles (cycles in 
which the product of the chemical reaction is 
also a reactant) that use inorganic carbon such 
as CO, (/). Clearly, metabolism-first theories 
are now a burgeoning subfield of their own 
(2). More recent discoveries of hydrothermal 
venting far from ocean ridges (3) have pro- 
pelled alkaline-environment metabolism-first 
theories, such as the one Russell describes, 
into the spotlight (4). 

Huber and Wachtershauser (5) showed 
that the crucial reaction in the acetyl 
coenzyme-A pathway that Russell favors 
could have occurred prebiotically (before life 
existed), supporting the idea that metabolism 
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could have evolved from prebiotic chemistry. 
A centrality of the acetyl coenzyme-A path 
to the origin of life is therefore broadly con- 
sistent with the Wachtershaéuser approach, 
although there are important differences, 
which Russell argues favors his model (6). 
The alkaline model for life’s origin may also 
be relevant to Jupiter’s moon Europa (7). 
Complex environmental questions about 
early Earth and the origin of life may well 
have composite answers. Researchers need 
to understand the strengths, weaknesses, and 
possible complementary roles of multiple 
approaches to the problem. 
CHRISTOPHER F. CHYBA 


Department of Astrophysical Sciences, Princeton University, 
Princeton, NJ 08544, USA. E-mail: cchyba@princeton.edu 
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Funding for Chinese 
Collaboration 


IN THEIR EDITORIAL “CHINA'S RESEARCH CUL- 
ture” (3 September, p. 1128), Y. Shi and Y. 
Rao describe an example of the rampant prob- 
lems in China’s research funding allocation, 
namely the selection of recipients for “mega- 
project grants.” I often hear stories about very 
expensive equipment left packed in hallways 
or labs for years without being used. The fund- 
ing agencies often have very strict guidelines 
for using the funding on salaries, even though 
aresearch group’s ability to hire the talent they 
need is often the most important factor in the 
success of the research program. 

China’s funding strategy for overseas Chi- 
nese scientists is also problematic. As part of 
an Asia-wide trend, China has been trying to 
recruit talents from overseas (/). To attract 
established overseas Chinese researchers with 
advanced education from western countries, 
China has devoted billions of Chinese yuan to 
talent programs [such as the Thousand Talent 
program (2) recently established by the central 
government] that require overseas scholars to 
relocate to China to accept prestigious full- 
time positions. However, many recipients of 
these awards cannot relocate because of prac- 
tical and family obligations. 

China should focus instead on grants that 


fund collaborative research between overseas 
Chinese scholars and their peers in China. 
Collaborative programs are more cost- 
effective and more practical for those who 
cannot relocate. One such program is the 
Joint Research Fund (JRF) for Overseas Chi- 
nese Scholars and Scholars in Hong Kong and 
Macao, administered by the National Natu- 
ral Science Foundation of China (NSFC). 
In 2006, a mere 0.7% of the NSFC budget 
was allocated to this worthy program (3). In 
2008, the maximum grant was reduced from 
400,000 Chinese yuan over 3 years to 200,000 
Chinese yuan over 2 years (4, 5). By dedicat- 
ing such a small budget to this program and 
others like it, China misses an opportunity to 
engage overseas Chinese scholars and ben- 
efit from their contributions to the country’s 
research and education. SCOTT X. CHANG 
Department of Renewable Resources, University of Alberta, 


Edmonton, AB T6G 2E3, Canada. E-mail: scott.chang@ 
ualberta.ca 
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CORRECTIONS AND CLARIFICATIONS 


Brevia: “Pulsar discovery by global volunteer computing” 
by B. Knispel et al. (10 September, p. 1305). The Einstein@ 
Home data are transferred to the Albert Einstein Institute 
(not Liebniz Universitat) in Hannover, Germany. 


Reports: “Prediction of individual brain maturity using fMRI” 
by N. U. F. Dosenbach et al. (10 September, p. 1358). In Fig. 
2, the labels in the bottom-right image (anterior view) were 
incorrect. The “L” and “R” labels should be switched. 


Reports: “Unprecedented restoration of a native oyster 
metapopulation” by D. M. Schulte et al. (28 August 2009, 
p. 1124). Reference 19 was incorrect. The correct reference 
is “K. Greenhawk, T. O’Connell, L. Barker, Oyster Popula- 
tion Estimates for the Maryland Portion of Chesapeake Bay 
1994-2006 (Maryland Department of Natural Resources, 
2007), Table 7; www.dnr.state.md.us/fisheries/oysters/mtgs/ 
MDOysterPopEst_07_27_07.pdf.” 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of 
general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 
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Seeing Through Incapacities 


Christof Koch 


The heaventrees of stars hung with humid 
nightblue fruit (/) 


his line from James Joyce’s Ulysses 
| comes unbidden to mind upon reading 
The Mind 5 Eye, the latest collection of 
brain-gone-wrong case studies by the British- 
born but consummate New Yorker neurolo- 
gist Oliver Sacks. Both authors enjoy mash- 
ing up evocative sentences dealing with 
distinct domains, here the 
mental and the neuronal. But 
unlike Ulysses, The Minds Eye 
can be read in a single sitting. 

One of the fathers of mod- 
ern thought, René Descartes, 
was among the first to link a 
specific structure in the brain 
(the pineal gland) to a specific attribute of the 
mind (the soul). In modern language, Des- 
cartes proposed that this gland, part of the 
endocrine system, is the neuronal correlate 
of consciousness. We, his intellectual heirs, 
know better and smugly think “how silly.” Yet 
the principle of localization is alive and well. 
This is one of the chief take-home lessons of 
The Minds Eye. 

Destruction of tissue in the back of the 
cerebral cortex by a hemorrhage, tumor, 
or atrophy leaves one unable to recognize 
objects by sight. There is nothing wrong 
with the eyes, but a hat stand becomes an 
unknown and alien thing, a construct of 
lines that doesn’t give rise to any meaning- 
ful object. For the highly literary patients of 
Sacks, this loss extends to letters and words, 
which lose their sense. Seemingly paradoxi- 
cally, this inability to read or alexia does not 
imply agraphia, the inability to write. (Any 
medical syndrome preceded by “a” spells 
trouble, as it signifies the absence of a skill.) 
Lilian, a patient introduced on the book’s first 
page, carries on an extended correspondence 
but is unable to read any of her letters. Early 
on in her slowly spreading posterior cortical 
atrophy, she can still laboriously read short 
words, letter by letter, as a child does, but this 
eventually fails. 

Howard is an accomplished Canadian 
novelist. He discovers one morning that his 
trusted Globe and Mail is now printed in 


The reviewer is at the Division of Biology, California Insti- 
tute of Technology, Pasadena, CA 91125, USA, and the 
Department of Brain and Cognitive Engineering, Korea Uni- 
versity, Seoul, Korea. E-mail: koch@klab.caltech.edu 


The Mind's Eye 
by Oliver Sacks 


Knopf, New York, 
2010. 281 pp. $26.95. 
ISBN 9780307272089. 


an undecipherable script—perhaps Serbo- 
Croatian, Korean, or hieroglyphs. A stroke in 
a limited region of his visual cortex destroys 
his ability to recognize text, faces, colors, and 
objects. Yet, as does Lilian, he retains his writ- 
ing skills, living proof that reading and writ- 
ing are complementary yet distinct skills. The 
powers of the brain to recuperate, to adapt and 
exploit other (perhaps previously neglected) 
senses, and to invent coping strategies can 
be considerable, even in the elderly. 
Howard becomes an avid consumer 
of audiobooks and text-to-speech 
software. Challenged by his condi- 
tion, he writes a successful alter-ego 
crime novel, with the protagonist 
detective waking up in hospital with 
both alexia and amnesia. 

Other chapters deal with how people 
adapt to blindness, with aphasia (the inabil- 
ity to understand or generate speech), and 
with face blindness (the loss of the facile and 
automatic identification of faces). For those 


LIVER 
CKS 


MUSIC. OP RYLIA 


; 


AUTHOR OF 


A 


MIND-° 


EY & 


Effective communication after all. 


afflicted by the latter, the faces of loved or 
familiar ones all look equally indistinguish- 
able to the afflicted, like the guy ahead in the 
supermarket checkout queue. This incapac- 
ity has far-reaching consequences, for the 
affected individual will often withdraw from 
society to avoid embarrassing situations. 

For students of the mind-body conun- 
drum, these brilliantly described cases pro- 
vide the definite answer to Nietzsche’s rhe- 
torical question in The Gay Science, “And as 
for sickness: are we not almost tempted to ask 
whether we could get along without it?” (2). 
Sacks does an excellent job of contextualiz- 
ing his patients’ symptoms and their under- 
lying causes within the contemporary neuro- 
scientific and neurological literature. What 
elevates this clinical material into the realm of 
high literature are the author’s superb obser- 
vational skills, without equal. Sacks is an avid 
witness of the human condition, demonstrat- 
ing how, in examining the means by which 
people deal with disease, one can gain wis- 
dom about life. This becomes 
most apparent in the central 
and longest chapter. That tells 
Sacks’s own story, drawn from 
his diary (along with pencil 
sketches) detailing his expe- 
rience with ocular melanoma. 

First, the dreaded news 
uttered by the doctor, can- 
cer. Then, the excruciating 
and nightmarish wait until 
the Christmas and New Year’s 
holidays are over for the surgi- 
cal removal of the tumor with 
focused radiation that will, 
he and his doctors hope, save 
most of his retina. The surgery 
leaves him with a large black 
hole in his right eye. Sacks’s 
amazing powers to describe, 
to evoke, to call forth, to fas- 
cinate, and to associate outdo 
themselves. He celebrates his 
changed visual experience 
in a riot of coruscated imag- 
ery and an exuberance of 
words. He vividly describes 
how this black nothingness, 
his scotoma (the region of 
visual space destroyed by the 
tumor), fills in when looking 
at a blue sky or at a patterned 
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brick wall. The same processes that fill in the 
blind spot (the “hole” in the eye we all have) 
are at work here, compensating for the loss 
with data from the surrounding regions. Like 
a kid discovering what can and can’t be done 
with a new toy, Sacks describes the strengths 
and the limits of this filling-in. He can ampu- 
tate his leg by moving it into his scotoma; yet 
when he wiggles and moves it, the sensory- 
motor feedback from what he can’t see ren- 
ders the leg visible in a ghostly sort of way. 
Conversely, a flock of birds that enters his 
scotoma abruptly disappears, only to emerge 
intact on the other side. His reaction to fur- 
ther operations and an abrupt bleeding into 
the weakened eye is to meditate on the loss of 
perceived depth associated with stereo vision. 
Sacks is not a religious man. Yet when 
reading The Mind's Eye—most, but not all, 
of whose pages deal with disease, pain, or 
loss—the reader comes away with numinous 
feelings of wonder, mysticism, and gratitude. 
What more can one want from any book? 
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MOLECULAR BIOLOGY 


An RNA Whirl 


Irene A. Chen 


or anyone interested in understanding 
Fre: life could begin, the new millen- 

nium has yielded a treasure trove of 
exciting discoveries. Research into the pos- 
sible origins of life can be classified into three 
major themes, all of which have seen remark- 
able progress in recent years. 

First, the right habitat and chemistry must 
exist. The past decade has seen the discov- 
ery of hundreds of exoplanets, and now sev- 
eral lines of evidence point to the presence of 
water on Mars, including liquid water in the 
past (/). In addition, chemical reactions that 
mimic prebiotic conditions exhibit remark- 
able selectivity under certain conditions, sug- 
gesting ways around the old bugaboo of non- 
specific synthesis (2). 

Second, order and reproduction must 
emerge through physical or chemical mech- 
anisms. Recent work demonstrates how 
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simple membranes can spontaneously self- 
assemble, grow, divide, and even compete 
with one another (3-5). Much progress has 
also been made on the old puzzle of the emer- 
gence of homochirality, which turns out to be 
remarkably easy: for example, 
simply grinding crystals of an 
amino acid can essentially con- 
vert a mixture to one-handed- 
ness (6). Still, many unexplored 
frontiers remain regarding the 
initial emergence of apparently 
biological properties. 

Third, after the first repli- 
cating, information-carrying 
entities arose, Darwinian evo- 
lution took over as the dominant process that 
eventually led to the diversity of living orga- 
nisms we see today. Promising work has been 
directed toward building primitive cells that 
could be capable of replicating and evolv- 
ing. Although precise historical details of the 
particular origin of life on Earth are proba- 
bly unknowable, most scientists agree that a 
world existed in which RNA performed the 
duties of both genes and enzymes. This RNA 
world in turn evolved into the DNA-RNA- 
protein world of today (7). Michael Yarus’s 
Life from an RNA World offers an engaging 
introduction to the subject. Remarkably, as 
Yarus (a molecular biologist at the Univer- 
sity of Colorado) points out, in the 1960s 
Leslie Orgel, Francis Crick, and Carl Woese 
each postulated an RNA world. They based 
their suggestions on the discovery that RNA 
could fold with structural complexity remi- 
niscent of proteins. The theory provided 
an elegant solution to the chicken-and-egg 
mutual dependence of DNA and proteins for 
replication, but no one knew for certain that 
RNA could catalyze reactions. That was con- 
firmed in the 1980s, with the discovery of the 
first ribozymes. 

Many consider the structure of the ribo- 
some—elucidated in 2000 and the subject 
of the 2009 Nobel Prize in chemistry—to be 
the smoking gun of the RNA world, because 
it demonstrates that catalysis of translation 
is performed by the ribosome’s RNA com- 
ponent whereas the proteins serve primarily 
as a structural scaffold. Until recently, most 
researchers believed that several chemical 
features made RNA a suboptimal genetic 
material. Thus, people speculated that a 
simpler, more-robust nucleic acid preceded 
RNA. However, a recent elegant synthesis of 
ribonucleosides from prebiotic reactants has 
resurrected the idea that RNA might even 
have been the first genetic material (8). 

The recent discoveries make Yarus’s 
book particularly timely, especially as a 
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light-hearted introduction for scientifically 
minded readers outside the field. His chatty 
prose conveys the voice of a tour guide on a 
journey through the RNA world, introducing 
essential evolutionary and molecular biology 
and pointing out must-not- 
miss attractions. Even mem- 
bers of the origins-of-life 
community may appreciate 
his whimsical explanations 
of familiar phenomena, and 
later chapters contain subtle 
material more suitable for 
specialists (e.g., direct phys- 
ical interactions of amino 
acids with their codons and 
anticodons). Each chapter ends with a short 
but helpful reading list, which references 
authoritative reviews or books and research 
articles of special significance. 

The author’s discussion of how natural 
selection can lead to complexity is particu- 
larly eloquent. Although that topic has been 
dealt with in countless books intended for 
a broad audience, the continued rise of cre- 
ationist sentiment signals an ongoing need 
for advocacy on behalf of evolution by nat- 
ural selection. Yarus revisits classic evidence 
and thought experiments that demonstrate 
how complex structures (such as the eye) 
could evolve and why such structures are not 
irreducibly complex. Indeed, biological com- 
plexity is often in the eye of the beholder— 
our inability to intuit the path that led to a par- 
ticular biological property should be taken 
by default as a reflection of our own limited 
intuition, not as the absence of a path. Natural 
selection is a powerful mechanism for carv- 
ing paths toward apparently complex prop- 
erties. At the earliest stages of life, before 
replicators came onto the scene, physico- 
chemical mechanisms must have played this 
role. Building intuition and accumulating 
evidence for such paths remains one of the 
great intellectual and scientific challenges. 
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HEALTH CARE DELIVERY 


Open mHealth Architecture: 
An Engine for Health Care Innovation 


Deborah Estrin’* and Ida Sim? 


hronic diseases like diabetes, asthma, 

and obesity account for 46% of global 

disease burden (/). The traditional 
model of episodic care in clinic and hospi- 
tal-based settings is suboptimal for improv- 
ing chronic disease outcomes (2). Mobile 
communication devices, in conjunction with 
Internet and social media, present opportuni- 
ties to enhance disease prevention and man- 
agement by extending health interventions 
beyond the reach of traditional care—an 
approach referred to as mHealth (3). How- 
ever, mHealth is emerging as a patchwork of 
incompatible applications (“apps”) serving 
narrow, albeit valuable, needs, and thus could 
benefit from more coordinated development 
(4). A public-private partnership to define 
and instantiate an “open” mHealth architec- 
ture (described below), in the context of eco- 
nomic incentives and enabling policies, could 
support medical discovery and evidence- 
based practice about managing and prevent- 
ing chronic disease. 


Why mHealth? 
Development and treatment of chronic dis- 
eases take place in daily life outside of tra- 
ditional clinical settings. To determine and 
adjust treatment for these diseases, clini- 
cians depend heavily on patient reports of 
symptoms, side effects, and functional status. 
Typically, patients report at clinic visits that 
are months apart, and recall accuracy can be 
highly variable (5). mHealth makes it feasi- 
ble for patients to collect and share relevant 
data at any time, not just when they happen 
to visit a clinic, allowing more rapid conver- 
gence to optimal treatment. For example, a 
patient with epilepsy can self-report on drugs 
and dosages taken and the number and sever- 
ity of seizures and side effects. The app sends 
this data in real time to the clinician, who can 
look for patterns of response and guide the 
patient to titrate his medications over weeks 
instead of months. 

mHealth apps can contribute to a rapid, 
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learning health system, but this may be dif- 
ficult if each app is built as a closed appli- 
cation with its own proprietary data format, 
management, and analysis. Such a “stove- 
pipe” or “siloed” approach fundamentally 
limits the potential of mHealth by impeding 
data-sharing with other apps and with elec- 
tronic and personal health records (EHRs 
and PHRs). Inefficiencies and lack of inno- 
vation plague health information technol- 
ogy (IT) systems that are closed and rigid 
(6). For example, a patient who is diabetic, 
hypertensive, and suffering from depres- 
sion is unlikely to sustain use of multiple, 
siloed, noncommunicating, disease-specific 
apps that each monitor diet and medications. 
An open architecture built around shared 
data standards and the global communi- 
cation network already in place to support 
interoperable voice and data transfer can 
promote the scaling, coherence, and power 


Standardized interfaces and shared 
components are critical for realizing 
the potential of mobile-device—enabled 
health care delivery and research. 


of mHealth. Such an architecture should 
complement broader ongoing developments 
for scalable and sustainable health informa- 
tion systems, including various national (7, 
&) and international (9, /(0) initiatives. 


Open Architecture Benefits 

In an open architecture, components have 
well-defined, published interfaces that allow 
interconnection and use in ways other than 
as originally implemented or intended (//). 
They allow interested parties to expand the 
functionality of the system without modify- 
ing existing components. 

Open architectures act as innovation infra- 
structure much like transportation, telecom- 
munications, and financial systems. Although 
not perfect (for example, because of weak- 
ness in built-in security), the Internet’s open 
architecture sparked unprecedented cycles of 
innovation across all sectors of the economy. 
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mHealth architecture: Stovepipe versus Open. The narrow waist of the open hourglass will include at least 
health-specific syntactic and semantic data standards; patient identity standards; core data processing func- 
tions such as feature extraction and analytics; and data stores that allow for selective, patient-controlled shar- 
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The Internet’s “hourglass” architecture, with 
its “narrow waist” a common Internet proto- 
col for transferring data, and open interfaces 
on all sides (e.g., multiple transmission tech- 
nologies and applications), was critical to its 
success (/2). Just as this architecture allowed 
“killer” (1.e., transformative) apps such as 
the Web to emerge, a similar open, mHealth 
architecture (see the figure), with interoper- 
ability standards [e.g., (/0)] enabling a nar- 
row-waisted shape, may promote chronic dis- 
ease prevention and management as a driving 
“killer app.” 


Clinical Care Research and Innovation 

Open mHealth architecture may encour- 
age innovation in health practices by eas- 
ing application development. Shared stan- 
dards and reusable components may enable 
rapid authoring, integration, and evaluation 
of personal data capture for clinical care and 
research. Hospitals, accountable care organi- 
zations, and public health practitioners could 
mix and match from a rich, flexible set of data 
acquisition and analysis components to con- 
figure custom apps [e.g., what symptoms to 
monitor, when, where, and how, or what data 
sources to incorporate (8)]. 

The experience base in mHealth is 
nascent, so research is needed to determine 
effective applications. Open architecture 
mHealth apps could be iteratively special- 
ized to maximize usability across particular 
populations, diseases, and treatment proto- 
cols, and many underlying modules could 
be reused across applications. If architec- 
ture is coupled with a mechanism for updat- 
ing shared components based on ongoing 
user evaluations, and appropriate incentives 
and policies exist, then best practices may be 
quickly propagated across apps to promote 
shared learning for mHealth usage across a 
broad range of health objectives. 

By opening mHealth architecture, and 
thus lowering the barriers to entry, a broad 
community of patients, clinicians, family, 
and others could be involved in collabora- 
tive, participatory design of mHealth apps, 
providing new tools for extending care into 
the daily lives of families and communities. 
mHealth can amplify benefits of such real- 
world contexts in which “health happens,” 
while exploring possibilities among youth 
and other early technology adopters (/3). 
With the right architecture and shared build- 
ing blocks, stakeholders could strive to cre- 
ate mHealth apps that protect patient privacy 
while using emerging data and identity stan- 
dards to achieve semantically coherent inter- 
operation with other systems. 

Such accessibility to tools and popula- 


tions with ubiquitous mobile devices could 
advance clinical care and research at a scale 
and resolution never before affordable. For 
example, despite the prevalence of depres- 
sion, we lack good evidence on the long-term 
comparative effectiveness of antidepressants 
(14). In 2005, 27 million U.S. patients were 
prescribed antidepressants (/5). Suppose 
every patient prescribed an antidepressant 
were invited by text message to participate 
in an antidepressant study. Patients would 
download an app that secures informed con- 
sent, prompts collection of standardized data 
(e.g., depressive symptoms, side effects, and 
daily activity levels), sends data to the EHR 
for clinician review to inform medication 
titration, retrieves predefined covariates from 
the patient’s EHR (e.g., age and other medica- 
tions), and anonymizes the data before send- 
ing it to the study coordinator. If only | out of 
250 antidepressant patients in the U.S. con- 
sented to this study, the more than 100,000 
enrolled patients would exceed the total num- 
ber of patients enrolled in all antidepressants 
studies conducted worldwide as registered in 
ClinicalTrials.gov since 2005, when prospec- 
tive trial registration first took hold (/6). 

Internationally, mHealth projects have 
focused on community health workers rather 
than on direct engagement of patients and 
have been limited by small scale and lack of 
technical and policy coordination (5, 17). A 
patient-centric, global, open mHealth initia- 
tive could usher in transnational health pro- 
motion and research projects that are prohibi- 
tively costly today. 


Why Now? 

Siloed approaches have plagued develop- 
ment of health information systems, creat- 
ing expensive barriers to entry and hamper- 
ing health care innovation (6). Lacking an 
open architecture, new entrants to mHealth, 
including app developers, care providers, and 
patient communities, would proliferate solu- 
tions based on this dominant, siloed frame- 
work. But given the early stages of devel- 
opment, there are relatively few mHealth 
legacy systems and entrenched silos to over- 
come. Thus, this is an opportune time for a 
new approach, in which those same parties 
could leverage an open architecture to expand 
mHealth capacity. In the developing world, 
where there are few legacy health IT systems 
in general, the benefits of this approach may 
even extend beyond mHealth to the broader 
care system. 

A modest, coordinated investment is 
needed to nucleate a reference implementa- 
tion of this architecture informed by early 
pilots. A shared underlying architecture will 


enable much-needed scalable, affordable, and 
systematic research to determine which apps 
work best and for what populations and dis- 
eases. Defining the proper contents and inter- 
faces to the narrow waist for mHealth is not 
trivial, but neither is it a complex, technical 
research challenge. To oversee the myriad 
technical, governance, and business issues, 
a public-private partnership is needed to bal- 
ance public and commercial interests and 
combine the best of technology development 
and health care expertise. This could fos- 
ter an economically and socially rewarding 
mHealth marketplace that uses the best health 
care evidence. 

Approximately 25 years ago, government 
and industry invested in expanded access at 
a crucial time in the Internet’s development 
(/2). The resulting networks and ubiquity of 
access provided fertile ground for technolo- 
gies, ideas, institutions, markets, and cultures 
to innovate. The payoff from this investment 
created a commercially viable and largely 
self-governing ecosystem for innovation. The 
same can be done for global health. Govern- 
ment, commercial, and nongovernmental 
entities involved in health IT and innovation 
should cooperate to define and instantiate 
architecture, governance, and business mod- 
els and to steer initial mHealth investments 
into open architecture. 
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CANCER 


Awakening Immunity 


Hans Schreiber and Donald A. Rowley 


ancer cells are embedded in stroma, 
( the connective tissue framework of 

solid tumors. It consists of nonma- 
lignant hematopoietic and mesenchymal 
cells, as well as extracellular matrix. Whether 
stromal cells have an essential role in can- 
cer development and growth has been long 
debated. On page 827 of this issue, Kraman 
et al. (1) show that deleting a subpopulation 
of stromal fibroblasts arrests the growth of 
a solid tumor, an effect that depends on an 
immune response to the tumor. These results 
agree with other studies suggesting that 
immunizing against fibroblasts in tumors can 
unmask an immune response to cancer (2, 3). 

Stromal cells and cancer cells depend on 
each other for mutual paracrine stimulation. 
Stromal fibroblasts are probably required for 
cancer cells to survive and grow (4), but why 
does their elimination trigger an immune 
response to the cancer cells? A clue may 
come from a particular subtype of fibro- 
blast whose removal elicits this response. 
Fibroblasts from malignant solid tumors 
show increased expression of genes that are 
repressed in other tissue fibroblasts (5), par- 
ticularly the genes encoding the cytoskele- 
tal protein &-smooth muscle actin (a-SMA) 
and fibroblast activation protein (FAP), 
a serine protease. Both proteins are also 
expressed on pericytes (&-SMA* and FAP’), 
stromal cells that reside at the interface 
between tumor endothelium and surround- 
ing tissue. Stromal cells expressing these 
markers may suppress the immune response 
to tumors as a consequence of producing 
massive amounts of stromal cell-derived 
factor—1 (SDF-1/CXCL12). SDF-1 attracts 
regulatory T cells (CD4* subtype) into the 
tumor (6). It also causes random movement 
of effector T cells, which interferes with T 
celltumor cell interaction and ultimately 
hinders tumor destruction (7). 

Eliminating neutrophils also produces 
antitumor immune effects similar to those 
caused by eliminating FAP* stromal cells 
(8, 9). Neutrophils release matrix metal- 
loproteinase 9 and elastase, which enzy- 
matically “free” stromal fibroblast progeni- 
tor cells from bone marrow and perivascu- 
lar reservoirs (/0), allowing them to follow 
the SDF-1 cytokine gradient into the tumor. 
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Tumor growth 


The elimination of specific stromal cells allows 
the immune system to suppress the growth 
of solid malignant tumors. 


Tumor necrosis 


Elimination of 
FAP* fibroblasts 
in tumor stroma 


Tumor destruction. Removing FAP* fibroblasts and pericytes damages the blood supply and causes some 
cancer cells to die. The resulting damage-associated signals, together with antigens released by dying cancer 
cells, triggers the production of cytokines (IFN-y and TNF-c) by cancer antigen-specific T cells in the tumor. 
This results in the destruction of the remaining cancer and stromal cells by the immune system. 


Metalloprotease released from neutrophils 
also catalyzes the release and activation of 
latent transforming growth factor—-B (TGF- 
B) from the extracellular matrix. TGF-B1 
activates stromal fibroblasts (a-SMA* and 
FAP"), causing them to produce immunosup- 
pressive SDF-1. TGF-B1 also prevents the 
initiation of effector T cell responses. Fur- 
thermore, depending on the stimulus, neu- 
trophils and other leukocytes can themselves 
produce large amounts of TGF-B1 (//). 
Kraman et al. deleted FAP* stromal cells 
from mice bearing solid tumors that arose 
from injected lung cancer cells. These cancer 
cells were engineered to express ovalbumin, a 
xenoantigen capable of eliciting an immune 
response. The removal of FAP’ fibroblasts did 
not alter the number or subtypes of tumor- 
infiltrating T cells, but did result in their acti- 
vation and secretion of the pro-inflammatory 
cytokines interferon-y (IFN-y) and tumor 
necrosis factor—o, (TNF-«) (see the figure). 
But in an actual tumor, what type of cancer 
cell antigens would be suitable for effective 
tumor destruction by the immune system? 
Kraman et al. emphasize the importance of 
unmutated self-antigens on cancer cells as 
effective elicitors. Although targeting by the 
immune system of viral antigens such as 
EBNA3 can eradicate large, bulky masses of 
lymphomas induced by Epstein Barr virus, it 
is not known what the critical characteristics 


of an antigen are that allow effector T cells 
to destroy large, established solid tumors or 
aggregates of cancer cells that have dispersed 
from the primary tumor to the rest of the body. 
EBNA3 is not expressed on normal cells and 
is essential for the cancer cells to remain 
malignant. The closest correlate to antigens 
on cancers that are not associated with viruses 
are tumor-specific mutant proteins that are 
essential for maintaining malignancy. 

In this context, FAP as a self-antigen may 
be problematic because it is expressed on 
nonmalignant cells and its expression can be 
lost (12). Nevertheless, FAP is expressed on 
some fraction of stromal fibroblasts in more 
than 90% of patients with solid tumors, and 
patients with higher FAP expression have a 
worse clinical outcome. Thus, as Kraman 
et al. suggest, targeting FAP-expressing 
stroma cells for destruction could unmask 
the patients’ own or adoptively transferred 
immunity. But in which clinical settings 
could these results influence future immuno- 
therapy of cancer? 

Human cancers when first detected usually 
have an average diameter of at least 1 cm and 
contain about 10° cancer cells, including thou- 
sands of diverse heritable variants resistant to 
drugs, radiation, and immunotherapy. Meta- 
static cells may already be widely dispersed. 
Kraman et al. treated relatively small tumors 
in mice soon after they were inoculated with 
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cancer cells. Eliminating FAP* stromal fibro- 
blasts should inhibit growth of small spon- 
taneous tumors and thus may help eliminate 
clinically undetectable cancer cells that have 
already metastasized before excision of the 
primary tumor, a common cause of relapse. 
The caveat is that metastatic cancer cells are 
not necessarily in the milieu of inflammation 
caused by experimental cancer cell injection. 
Experimentally, tumors 1 cm in diameter or 
larger in mice are abolished by cancer-spe- 
cific T cells that target not only cancer cells 
but also stromal cells that also present can- 


cer cell antigens (/3, /4). The elimination of 
cancer cell variants by the immune system is 
presumably due to “bystander killing” that is 
secondary to elimination of stroma (/3, /4). 
Thus, immunotherapy treatment with both 
T cells that target cancer cells and an agent 
that targets FAP-expressing cells for destruc- 
tion could increase the success of eliminating 
solid tumors and metastatic cells. 
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PHYSICS 


Antimatter Atomic Physics 


H. R. J. Walters 


ositronium (Ps), the bound state of an 
Pres: and its antiparticle, the posi- 

tron, is the lightest neutral atomic spe- 
cies. The atomic nucleus is replaced by a posi- 
tron that has only 1/1836 the mass ofa proton. 
One way to characterize Ps atoms is to study 
how they scatter off other atoms and mole- 
cules, and it would be reasonable to expect Ps 
scattering to be some kind of coherent com- 
bination of electron and positron scattering. 
On page 789 of this issue, Brawley et al. (1) 
show experimentally that for impact ener- 
gies up to 250 eV (2), Ps scatters as if it were 
just a free electron moving at the same speed. 
This result implies that the positron’s interac- 
tion with the target is somehow “cloaked.” 
Whether each component of the total scatter- 
ing, for example, the ionization contribution, 
is cloaked, or whether cancellation effects are 
at work, remains an outstanding and substan- 
tial theoretical challenge. 

Positron interactions with atoms and 
molecules are difficult to treat theoretically 
because of the high degree of correlation 
(3). Theory has to describe how the light, 
agile positron competes with the slow, heavy 
atomic nuclei for the “attention” of the elec- 
trons in the system. Thus, it was only in 1997 
that the first bound state of a positron with 
an atom was definitely established theo- 
retically (4). The existence of such bound 
states between a positron and a molecule 
has subsequently been invoked to explain 
extremely high positron annihilation rates 
in certain molecular gases (5). The proposed 
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mechanism involves temporary capture of 
the positron by a molecule that is raised to 
an excited vibrational state. This state traps 
the positron for a sufficient length of time to 
markedly enhance its chance of annihilation 
by a molecular electron. Positron annihila- 
tion is the basis of medical positron emis- 
sion tomography (PET) scanning. Because 
a positron will eventually be annihilated by 
an electron, even stable bound states have a 
short lifetime, on the order of 1 ns (10° s). 
Experimental observation of bound states is 
problematic. For example, it is only recently 
that the Ps, bound state (the analog of H,), 


coe “S\. Positronium converter 


Positrons 


Positronium 


Laser excitation 


Excited 


positronium Excited 


antihydrogen 


Accelerating 
Antiproton electric field 


trap 


The positronium atom provides a gateway for making anti- 
hydrogen. In the proposed AEGIS experiment (13), Ps is to be 
created by bombarding a nanoporous material with positrons (Ps 
converter) and then laser-exciting it to a highly excited state. The 
excited Ps then exchanges its positron with a cold, trapped anti- 
proton to produce highly excited antihydrogen, which is accel- 
erated in an electric-field gradient to form a beam. ATRAP has 
shown the feasibility of a similar scheme. ATRAP and the former 
ATHENA collaboration have made antihydrogen by mixing posi- 


trons with antiprotons in a nested-well trap (9). 


Antihydrogen 
beam 


Positronium, the atom formed from an electron 
and a positron, is a gateway to very cold 
antihydrogen atoms and possibly a y-ray laser. 


predicted in 1947, has been observed (6). 

The lifetime of bound systems depends 
on the alignment of the electron and positron 
spins. In Ps, there are two possible spin com- 
binations, singlet and triplet, called para-Ps 
and ortho-Ps. The annihilation of an electron 
and positron in the lowest energy state of 
para-Ps predominantly forms two very high 
energy photons (y-rays of 511 keV each) 
with a lifetime of 0.125 ns. Ortho-Ps is pre- 
vented by conservation laws from annihilat- 
ing directly into two photons, and so annihi- 
lates predominately into three photons with 
a lifetime of 142 ns. Only the ortho form 
of Ps is sufficiently long lived 
to be used in the beam experi- 
ments of Brawley et al. 

These properties are relevant 
to an ambitious project to make 
a Bose-Einstein condensate of 
Ps (7), which would be the first 
example of a matter-antimatter 
condensate The problem is to 
create a sufficiently dense gas 
of ortho-Ps in a microscopic 
cavity in a suitable material 
such as silica. The difficulty 
is that Ps-Ps collisions could 
convert ortho-Ps into para- 
Ps, which would then rapidly 
undergo destruction. However, 
if the electron and positron 
spins in all of the Ps atoms can 
be aligned in the same direc- 
tion, this decay mechanism is 
not available. Recently, this 
type of spin alignment has been 
shown to be experimentally 
possible (S). Ifa condensate can 
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be formed, then there is the exciting pros- 
pect of making a y-ray laser (7) for probing 
objects on the nuclear length scale. 

At the European Centre for Nuclear 
Research (CERN), there are four major col- 
laborations (ALPHA, ATRAP, AEGIS, and 
ASACUSA) trying to make very slow (very 
“cold”) antihydrogen (9), the bound state of 
an antiproton and a positron (see the figure). 
The purpose is to test the fundamental CPT 
symmetry of relativistic quantum mechan- 
ics—inverting charge, parity, and time— 
and whether matter and antimatter behave 
in the same way in a gravitational field (/0). 
There are major problems, such as how to 
make antihydrogen sufficiently cold, how 
to trap such a neutral species, and how to 
obtain it in its lowest energy state. At pres- 
ent, antihydrogen has been formed only in 


very highly excited states. 

One question is how long antihydro- 
gen can be sustained in a trap before being 
destroyed in a collision with ordinary mat- 
ter, such as traces of background gas, usu- 
ally He or H,. In such a collision, antihy- 
drogen could be eliminated by one of many 
possible rearrangement processes (//). For 
example, the antiproton could be captured 
by a He*® ion, or by the antiproton annihilat- 
ing with a proton in the nucleus of the back- 
ground gas (/2). 

Early work in positronic atomic physics 
was hampered by the very low intensity of 
suitable positron sources. Experiments with 
Ps, such as in (/), are even more difficult in 
this respect. With improvements in intensity, 
positronic atomic physics should grow into 
an even more vibrant field. 
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PALEOCLIMATE 


Increased Atmospheric CO, 
During the Middle Eocene 


Paul N. Pearson 


ven without humans, there are many 
Hoss that can change the con- 
centration of carbon dioxide (CO,) in 
Earth’s atmosphere and affect global climate. 
On page 819 of this issue, Bijl et al. (7) pro- 
vide the first direct evidence that very high 
CO, levels occurred about 40 million years 
ago during the Middle Eocene Climatic Opti- 
mum (MECO), one of the hottest intervals in 
Earth’s climate history. The hunt is now on for 
a geological cause for this event—and fingers 
are pointing at the Himalayan mountain belt. 
One measure of how fast this field is mov- 
ing is that only 7 years have passed since 
the MECO was discovered (2). Geologists 
initially found its fingerprint in the oxygen 
isotope ratios of carbonate microfossils in 
drill cores from the Southern Ocean. These 
data indicated that the deep sea warmed by 
about 4°C, against a background climate that 
was already much warmer than today. Sub- 
sequent work on many other sites (3) con- 
firmed that the warming was global, and now 
a rush of studies from all over the world is 
beginning to appear. 
There are only three ways to cause a large 
and lasting increase in Earth’s average surface 
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temperature: Turn up the 
heat from the Sun, reflect 
less sunlight back into 
space, or trap more heat 
in the atmosphere. The 
Sun is what astronomers 
call a “main sequence” 
star because of its age 
and chemical composi- 
tion, and they expect it 
to maintain a nearly con- 
stant heat output over 
very long periods of time, 
so to argue that it might 
have increased its luminosity for an extended 
period without evidence seems gratuitous. 
Reducing Earth’s reflectivity (albedo) can be 
accomplished in many ways—for example, 
by melting ice caps, by changing cloud types 
and cover, or by changing the land surface, 
such as by growing a forest where once there 
was a desert. Such effects, however, tend to 
follow from climate change rather than spon- 
taneously causing it, and it is difficult to bring 
about such a major warming by this means 
alone. So from the beginning (2), researchers 
suspected that the MECO was due to a tran- 
sient increase in atmospheric concentrations 
of greenhouse gases that trapped more heat, 
with CO, being the leading contender. 


Published by AAAS 


An ocean drill core confirms a dramatic rise 
in CO, levels 40 million years ago, just 
as the Himalayas grew. 


Recycled. Destruction of carbonate rocks as the Himalayas formed might 
have contributed to a dramatic rise in atmospheric CO, 40 million years ago. 


But how can researchers measure some- 
thing as apparently fleeting as a trace atmo- 
spheric gas concentration from millions 
of years ago? The solution is to find some- 
thing measurable in the sediment record that 
would have responded to the CO, level—a 
proxy. Bijl et al. use a relatively well-estab- 
lished method (4) to measure carbon isotope 
ratios in a group of organic compounds called 
alkenones, which are produced by a type of 
marine algae. This proxy is useful because the 
carbon isotope ratio is related to the dissolved 
CO, concentration in seawater, which in turn 
is in equilibrium with the atmosphere in most 
places. The method works well in more recent 
geological periods and in the modern ocean 
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(4), so it seems reasonable to apply it to the 
MECO, if enough alkenones can be found. 
Bijl et al. focus on a core recovered from 
the East Tasman Plateau by the Ocean Drill- 
ing Program. Evidence of MECO warm- 
ing was very clear in the core and alkenones 
were relatively abundant. The results are 
intriguing. Not only do they indicate a CO, 
peak coeval with the temperature rise, but the 
shapes of the reconstructed temperature and 
CO, profiles are broadly similar. They were 
able to calculate absolute CO, levels, indicat- 
ing that the baseline level was already 1000 to 
2000 parts per million by volume (ppmv) in 
the Eocene (versus 390 ppmv today and 270 
ppmv before industrialization). Maximum 
levels in the MECO reached 4000 ppmv or 
higher—similar, perhaps, to a future anthro- 
pogenic greenhouse maximum. So the origi- 
nal idea (2) that the MECO was triggered by a 
transient CO, rise has survived a critical test. 
If enhanced CO, caused the MECO, then 
these numbers can in principle be used to infer 
Earth’s CO, “climate sensitivity” during the 
Eocene, that is, the global temperature change 
caused by a doubling of CO,. Bijl et al. make 
a “tentative” attempt at this calculation—ten- 
tative because both the global temperature 
change and the CO, estimates are subject to 
a wide range of critical assumptions, the CO, 


proxy data are limited, the data are not entirely 
consistent with the temperature record in 
detail, and so far the evidence is from just a 
single site. Moreover, the proxy reconstruc- 
tions have large error bars, especially for the 
top values. A more robust qualitative conclu- 
sion is that the CO, concentration was sub- 
stantially higher than modern times, both 
before and after the event, and that it at least 
doubled during the MECO. Data from more 
sites, and other CO, proxies (5), are urgently 
required to flesh out the details. 

The broad sweep of global climate history 
over millions of years has been described as 
one of “trends, rhythms, and aberrations” (6). 
The trends are long-term shifts in the mean 
climate state related to stately geological 
processes such as Earth’s plate movements 
and the growth and decay of mountains. The 
rhythms are driven by cyclic variations in 
Earth’s orbital parameters. Aberrations are 
sudden shocks caused by influences such as 
extraterrestrial impacts or violent volcanism, 
or they are threshold-crossing events. But the 
MECO does not sit comfortably within this 
classification. Its onset was too gradual to be 
an “aberration,” and it was too long-lasting 
(~400,000 years). Even so, it was short-lived 
relative to the big trends we see in the geo- 
logic record (6). Such features hint that the 


MECO could yield new insights into the ways 
that geology forces Earth’s climate system 
over long time scales. 

The original hypothesis for the MECO 
(2) involved the disappearance of an ocean 
between India and Asia as the Himalayas 
were built. Did something unusual happen 
in this area about 40 million years ago that 
gradually released a huge amount of CO,? 
One can imagine, for example, that the dying 
ocean, rich in carbonate sediments, was recy- 
cled through volcanic arcs and/or by exten- 
sive metamorphic decarbonation reactions. 
Bijl et al. have added to this debate by indi- 
cating how very large the CO, input might 
have been. The ball is now in the court of the 
Himalayan geologists: Is such a scenario still 
possible, or must we look elsewhere for the 
cause of the MECO greenhouse? 
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NEUROSCIENCE 


A New Viewpoint on Faces 


Charles E. Connor 


ne of the most fundamental fea- 

tures of the primate brain is its 

organization into hierarchical net- 
works for sequential information process- 
ing. The visual hierarchy is a densely inter- 
connected network of more than 30 distinct 
brain regions. It radiates forward from the 
primary visual cortex near the back of the 
head along a dorsal (upper) “where” path- 
way (which processes space and motion) 
and a ventral (lower) “what” pathway (which 
processes objects and scenes) (/). Why are 
there so many stages of visual processing, 
and how do they function together to create 
visual experience and knowledge? Answer- 
ing these questions has been especially dif- 
ficult for the ventral pathway, due to the vir- 
tual infinity of potential objects the brain 
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can perceive. On page 845 of this issue (2), 
Freiwald and Tsao focus on one unique cat- 
egory of objects—human faces—as a par- 
adigm for understanding hierarchical pro- 
cessing in the ventral pathway. 

Faces are the most important category of 
objects for us and other primates, because 
they provide the principal basis for recogniz- 
ing individuals, as well as a high-bandwidth 
channel for social communication. Faces 
have always been important to the study of the 
ventral visual pathway. The discovery of face- 
selective neurons in the monkey inferotempo- 
ral cortex (3), the highest, or most advanced, 
processing stage in the ventral pathway, ini- 
tiated research into neural representation of 
complex objects. Faces have been used as a 
test case for studying fundamental questions 
about neural coding mechanisms (4), invari- 
ant representation (being able to recognize 
the same object from different viewpoints) 
(5), and neural processing dynamics (6). The 


Part of the brain’s visual hierarchy appears 
to be specialized for recognizing faces from 
any viewpoint. 


discovery of the fusiform face area (7)—a 
ventral brain region involved in face percep- 
tion—launched a new field focused on modu- 
lar organization in the human visual cortex. 
Faces have come to the fore again 
recently in a series of remarkable papers 
by Tsao, Freiwald, and their colleagues (8— 
10). These researchers have used a power- 
ful combination of functional magnetic res- 
onance imaging and targeted recording of 
neural signals in monkey brains to define 
a network of six interconnected face pro- 
cessing regions spanning the intermedi- 
ate and higher-level stages of the ventral 
pathway. In their latest study, Freiwald and 
Tsao examine how the neural representa- 
tion of individual identity and head orien- 
tation changes across three stages in the 
monkey brain. These experiments are a new 
approach to the crucial question of view- 
invariant recognition: How does the ven- 
tral pathway extract consistent information 
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Face time. Neural selectivity for identity and viewpoint in the monkey face-process- 
ing network. Idealized neural spike trains exemplify response patterns at three stages 
in the network. Neurons in MU/MF respond to faces seen from a specific viewpoint, 


about identity across multiple views of the 
same object? 

Originally, investigators theorized that 
view-invariant object recognition is achieved 
by constructing view-invariant internal rep- 
resentations (//). More recent theories and 
experiments, however, argue that internal rep- 
resentations are view-dependent, meaning 
that invariant recognition is achieved by learn- 
ing associations between views, based on their 
continuity in space and time (/2, /3). Fretwald 
and Tsao provide a different perspective by 
comparing the selectivity of neural responses 
for viewpoints (e.g., profile) and identities 
(e.g., Amy versus Katy) across successive 
face-processing stages. The critical experi- 
ment involved recording neural responses to 
eight views (front, back, below, above, half- 
profiles, and profiles) of 25 humans (with 
whom the animals had no experience). The 
authors found that neurons in more posterior 
face-processing regions (middle lateral and 
middle fundus, labeled ML and MF, respec- 
tively, in the figure), are largely triggered by 
a single viewpoint (e.g., profile) and are rel- 
atively insensitive to individual identity (see 
the figure). Neurons in a more anterior region 
(anterior lateral or AL) showed more sensitiv- 
ity to identity and a very specific kind of par- 
tial viewpoint invariance: selective responses 
to mirror-symmetric views (e.g., right and left 
profiles). Neurons in the most anterior region 
(anterior medial or AM) were most selective 
for identity and tended to generalize across 
many or all viewpoints. 

These findings suggest that successive 
stages in the face network perform a step- 
wise transformation: from selectivity for 
viewpoint, regardless of identity, to selectiv- 
ity for identity, regardless of viewpoint. The 
general implication is that earlier processing 
stages in the ventral pathway carry infor- 
mation about generic categories (e.g., face 
versus nonface) and viewpoint, whereas 
later processing stages carry information 
about individual exemplars (e.g., Amy ver- 
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sus Katy), eliminating viewpoint informa- 
tion to achieve invariant recognition. The 
caveat, of course, is that the special structure 
and behavioral role of faces may demand 
a unique processing strategy that does not 
generalize to other objects. 

The new findings could be interpreted 
as a challenge to the idea that association 
between views is learned. A strict version 
of that idea would predict that recogniz- 
ing Amy or Katy from different viewpoints 
depends on experiencing the close occur- 
rence of those viewpoints in time and space. 
Freiwald and Tsao, however, present a clear 
case of view-invariant neural tuning that 
does not depend on specific learning. The 
animals no doubt became familiar with the 
photographs during the experiments, but 
the random presentation order provided no 
clues about which photographs shared the 
same individual identity. 

The most striking aspect of the results is 
the mirror-symmetric viewpoint generaliza- 
tion in the AL region—for example, neurons 
that respond to right and left profiles but 
nothing in between. A more obvious inter- 
mediate step in a gradual invariance mecha- 
nism, especially learning by spatiotemporal 
association, would be for neurons to gen- 
eralize across similar, neighboring view- 
points, for example, left profile and left half- 
profile. Instead, these AL neurons associate 
very different images that are related only 
through a complex geometric transforma- 
tion (mirror reversal). This could represent 
a computational strategy that takes advan- 
tage of the fact that objects in our world 
frequently present mirror-symmetric views 
(14). Alternatively, the phenomenon might 
relate to the social importance of head ori- 
entation for primates. Frontal views signal 
social engagement and sometimes aggres- 
sion, whereas profile views signal disen- 
gagement or appeasement. The conflation 
of right and left profiles at the neural level 
in AL might reflect their equivalent social 
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regardless of identity. AL neurons show more selectivity for identity and generalize 
across mirror-symmetric viewpoints. AM neurons are strongly selective for identity, 
and generalize across many or all viewpoints. AF, anterior fundus; PL, posterior lateral. 


importance. There is an extensive literature 
showing how neurons located near AL, in 
the fundus and upper bank of the superior 
temporal sulcus, are sensitive to socially 
important variables such as head and gaze 
orientation and head and body movements 
(5). Thus, selectivity for viewpoint in ML, 
MF, and AL could reflect parallel processing 
of social information, as opposed to hierar- 
chical processing of identity. In fact, given 
the opportunistic, co-optive nature of brain 
evolution, both interpretations are probably 
correct to some degree. 

Freiwald and Tsao’s study is bound to be 
the first of many exploiting the opportunity 
to study multiple stages in a specific hierar- 
chical network. The results are certain to illu- 
minate much more about hierarchical and 
parallel brain mechanisms for processing the 
most important object category—faces. Once 
again, the study of face perception seems 
poised to lead the way in understanding the 
ventral visual pathway. 
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CANCER 


Targeting Bacteria to Improve 


Cancer Therapy 


Anand G. Patel’ and Scott H. Kaufmann’? 


he activity of many drugs is 
"| eosin by their metabo- 

lism. Agents that are admin- 
istered as precursors (“prodrugs”) 
require enzymatic conversion to 
an active form; conversely, drugs 
given as active small molecules are 
converted to excretable entities or 
degraded by metabolic processes. 
In the clinic, this knowledge of drug 
metabolism has been exploited to 
enhance the efficacy of some drugs. 
On page 831 of this issue, Wallace 
et al. demonstrate that inhibiting 
an enzyme (B-glucuronidase) pro- 
duced by good gut flora can prevent 
the intestinal metabolism of the 
anticancer drug irinotecan, thereby 
diminishing a life-threatening tox- 
icity and conceivably allowing dose 
escalation that will enhance the 
drug’s efficacy (/). 

Irinotecan (also called CPT-11) 
is a water-soluble camptothecin 
analog that is active against meta- 
static colorectal carcinoma as well 
as cancers of the lung, pancreas, 
and breast. The drug’s selectivity 
for cancer cells is attributed, in part, 
to the overexpression of its target, 
topoisomerase I, in cancer cells (2) 
and its ability to convert topoisom- 
erase I into an agent that damages 
DNA (thereby killing the cell) (3). 
Irinotecan is also remarkable for its 
complex metabolism, which con- 
tributes to both its favorable phar- 
macokinetics and its unintentional 
adverse effects (see the figure). It is admin- 
istered intravenously as a prodrug, which 
is converted by tissue and serum carboxyl- 
esterases into the active drug SN-38 (4, 5). 
SN-38, in turn, is converted by liver uridine 
diphosphoglucuronosyltransferases (UGTs) 
into SN-38-glucuronide (SN-38G), an inac- 
tive compound that is excreted through the 
biliary system into the gastrointestinal tract 
(4-6). Although SN-38G in the gastroin- 
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Good microbes, bad effect. Irinotecan (CPT-11) is administered intrave- 
nously as a prodrug. Carboxylesterases (CE) in various tissues convert CPT- 
11 into SN-38, which kills cancer cells. SN-38 can be inactivated in the liver 
by uridine diphosphoglucuronosyltransferase 1A1 (UGT), generating SN-38G 
that is excreted via bile into the intestine. Although SN-38G is not toxic to the 
intestinal mucosa, B-glucuronidases (f-gluc) produced by gut flora metabolize 
SN-38G to SN-38, which damages the gut mucosa. Inhibitors of B-glucuroni- 
dases prevent this conversion and diminish irinotecan gut toxicity in mice. 


testinal tract is not toxic, B-glucuronidases 
expressed by intestinal commensal bacte- 
ria hydrolyze SN-38G to generate the toxic 
form, SN-38 (7). 

It has been speculated that the metabolism 
of SN-38G to SN-38 in the gastrointestinal 
tract is responsible for severe diarrhea, a trou- 
blesome and dose-limiting toxicity of irino- 
tecan (4, 5, 7). In an attempt to prevent this 
side effect, irinotecan has been administered 
with antibiotics (8, 9), but this has not gained 
widespread acceptance because eradication 
of beneficial gut microbes can cause malab- 
sorption or allow colonization by pathogenic 


Inhibiting an enzyme expressed by microbes in 
the human intestinal tract prevents an important 
toxic side effect of an anticancer drug. 


bacteria not targeted by the antibi- 
otic. An approach that selectively 
inhibits SN-38 reactivation in the 
gastrointestinal tract without kill- 
ing the responsible bacteria might 
offer substantial benefit. 
Wallace et al. screened 10,000 
chemical compounds and iden- 
tified four potent inhibitors of 
Escherichia coli B-glucuronidase. 
X-ray crystallography revealed 
contact between the inhibitors 
and a 17-residue loop structure 
that protects the active site of E. 
coli B-glucuronidase but is absent 
in the mammalian enzyme. 
\ When the authors generated a 

form lacking this loop, E. coli 
B-glucuronidase became insensi- 
tive to the inhibitors, consistent 
with their model. 

The B-glucuronidase inhibi- 
tors also blocked enzymatic activ- 
ity in intact £. coli and other bac- 
teria, but they were not toxic to 
bacteria or cultured mammalian 
cells, suggesting the possibility 
of inhibiting SN-38G metabolism 
without harming bacteria or the 
gut. When Wallace et al. exposed 
mice to irinotecan with or with- 
out a B-glucuronidase inhibitor, 
the irinotecan-inhibitor combina- 
tion resulted in much milder diar- 
rhea. Histologic examination also 
showed that the severe damage 
to the gut mucosa was averted by 
this combined treatment. 

Although the current emphasis in cancer 
chemotherapy is, quite appropriately, on the 
development of inhibitors that block onco- 
genic cellular signaling pathways, the find- 
ings of Wallace et al. serve as a reminder that 
some of the anticancer drugs already avail- 
able can potentially be improved by incisive 
investigation. Much additional work, how- 
ever, is required to bring this story to frui- 
tion. Further analysis is needed to refine 
the B-glucuronidase inhibitors identified 
in this study. Pharmacokinetic studies are 
needed to determine appropriate doses and 
treatment schedules for these compounds 
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prior to actual testing in humans. In addi- 
tion, extensive clinical testing is required to 
confirm that the B-glucuronidase inhibitors 
truly diminish irinotecan-induced gut tox- 
icity and allow safe escalation of irinotecan 
doses in humans, either alone or in conjunc- 
tion with cytokines to diminish the other 
major toxicity of irinotecan: myelosuppres- 
sion (decreased production of white blood 


cells). Nonetheless, Wallace et al. present 
an important first step toward improving the 
effectiveness of irinotecan chemotherapy. 
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PLANT SCIENCE 


Pollen Gets More Complex 


Emily Indriolo and Daphne R. Goring 


o prevent inbreeding, many flower- 
ing plants exhibit self-incompatibil- 
ity (SD, a system for recognizing and 
rejecting their own pollen (/). In the Sola- 
naceae, Rosaceae, and Plantaginaceae, the 
self-incompatibility trait is controlled by two 
physically linked S loci: the S-RNase gene 
representing the female S factor in the pistil 
and the S-locus F-box (SLF) gene represent- 
ing the male S factor in the pollen (2-4) Both 
of these genes have many forms or alleles 
of S-RNase and SLF; a set of S-RNase and 
SLF alleles are inherited together as a single 
unit and are referred to as an S haplotype. 
The prevailing model for this system (see the 
figure) was that self pollen rejection occurs 
when self S-RNases enter the growing pol- 
len tube and exert a cytotoxic effect, causing 
growth arrest. In contrast, SLF is required in 
compatible pollen tubes to block the action of 
non-self S-RNases, thus allowing for contin- 
ued pollen tube growth and subsequent fer- 
tilization of the ovule. SLF is proposed to 
promote destruction of non-self S-RNases 
by the 26S-proteasome degradation path- 
way (2-4). However, there were some puz- 
zling aspects of SLF that did not fully fit what 
would be expected for a pollen S factor, from 
both functional and evolutionary viewpoints 
(5). On page 796 of this issue, Kubo ef al. (6) 
reveal that at least three related SLF genes 
encode pollen S factors in Petunia plants, 
and that these factors work collaboratively 
to prevent the pollen from being neutralized 
by non-self female cells. Their results repre- 
sent a major shift in understanding how this 
SI system operates. 
The prevailing model was useful, in part, 
because it explained a key process known as 
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competitive interaction (7) (see the figure). 
In this process, SI breaks down and self-fer- 
tilization can occur when the pollen genome 
contains more than one S haplotype. If two 
different S haplotypes were present in one 


In Petunia, collaboration among pollen 
genes enables cross-fertilization and 
prevents self-fertilization. 


fertilization could occur. This model, how- 
ever, posed some problems. From an evolu- 
tionary perspective, one tall order was that 
a single SLF gene had to encode a protein 
variant that could suppress all of the possible 


pollen tube, then the male SLF proteins could 
suppress all the female S-RNases, and self- 


S-RNase variants, except for its self-RNase. 
So, for instance, the SLF variant S,-SLF1 


A Compatible 


C Competitive interaction 


y, 


Pollen tube 
Pistil 
- 


5,5,, haplotype 5,5, haplotype 5,5, haplotype + 5,-SLF1 transgene 


D Collaborative non-self S-RNase recognition 


Growth inhibited 


Growth 


Growth 


Working together. (A) Compatible pollination between distinct S haplotypes. The pollen S, and S, haplotypes 
are different from the S, and S,, haplotypes present in the pistil, and so the pollen grains are accepted and 
pollen tube growth occurs. (B) Self-incompatibility. Pollen grains and pistil share the S, and S, haplotypes, 
and pollen tube growth is arrested. (C) Competitive interaction. The S,-SLF1 transgene overcomes the pollen 
rejection response in the S,-haplotype pollen. (D) Collaborative non-self S-RNase recognition model. Left 
panel: Self-pollination results in the self S, -RNase entering the pollen tube and exerting a cytotoxic effect, 
as it is not detoxified by the S,,-SLF1, S, -SLF2, or S,,-SLF3 proteins (the self-incompatibility response). The 
remaining three panels illustrate three different compatible cross-pollinations. Each non-self S-RNase is 
bound and detoxified by a different S, -haplotype SLF protein, allowing for continued pollen tube growth. 
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would have to be able to suppress S,-RNase 
and S,-RNase but not S,-RNase. This one- 
to-many challenge was reinforced by phy- 
logenetic analyses that found that the rate of 
change in the amino acid sequences of SLF 
and S-RNase allelic variants (synonymous 
substitution rates) were not equal; the non- 
self S-RNases appeared to be evolving more 
rapidly. This implied that SLF and S-RNase 
genes were not coevolving, unlike male and 
female gene pairs in other SI systems, such 
as the Brassicaceae (3, 4). Adding to the 
puzzle were observations that multiple pol- 
len-expressed SLF-like genes were linked to 
the S-RNase gene (S—/0), but it was unclear 
which one was playing the active role. 

Kubo et al. solve some of these puzzles by 
revealing that there are at least three related 
SLF genes (renamed SLF/, SLF2, and SLF3) 
encoding pollen S factors that work collab- 
oratively to suppress non-self S-RNases. In 
searching for other candidate pollen S genes, 
the authors analyzed 30 SLF-like sequences 
and grouped them into six types (SLF/ 
through SLF6); all members of one type were 
highly similar to each other and were pre- 


sumed to be allelic variants of that SLF gene. 
They found that the variation in the predicted 
amino acid sequence identities across the six 
types was much lower (~50%) than within a 
single type. This made evolutionary sense, 
because the pattern would allow for each SLF 
type to recognize a whole subset of non-self 
S-RNases. Finally, the researchers inserted 
allelic variants of the SLF'/, SLF2, and SLF3 
genes into transgenic Petunia plants, looked 
for competitive interaction, and confirmed that 
each SLF type interacted only with a subset of 
S-RNases. The absence of competitive inter- 
action in some plants implied that there are 
other potential SLF types involved in the sup- 
pression of the non-self S-RNases. So instead 
of a single SLF variant doing all the work, it 
is the combined actions of the allelic variants 
encoded by the different SLF genes that leads 
to the suppression of the non-self S-RNases 
(e.g., the S,,-SLF1, S,,-SLF2, and S,,-SLF3 
variants together can suppress the S,.-, S,-, 
and S_-RNases; see the figure). This allows for 
more non-self S-RNase variants to be inhib- 
ited, and increases the number of compatible 
mating partners for a particular plant. 


It will be interesting to see whether 
this “collaborative” model also fits other 
S-RNase—based SI systems; tobacco, apple, 
and snapdragon species, for instance, also 
have multiple SZF-like genes linked to 
the S-RNase gene (8—/0). A final question 
is, given the large number of SLF genes 
that have been found linked in the S-locus 
region, how many more of these SLF types 
are functioning in this collaborative recogni- 
tion system? 
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NEUROSCIENCE 


Change in the Brain's White Matter 


R. Douglas Fields 


GG G ray matter” is only one of two 
types of brain tissue; the other 

“white matter” is rarely men- 

tioned. Yet white matter makes up half the 
human brain and has not been thought to be 
important in cognition or learning outside 
the context of pathology. That view could 
change. Imaging and cellular and molecular 
studies are revealing white matter plasticity 
with possible implications for normal cog- 
nitive function and psychological disorders. 
White matter, which lies beneath the 
gray matter cortex, is composed of millions 
of bundles of axons (nerve fibers) that con- 
nect neurons in different brain regions into 
functional circuits. The white color derives 
from the electrical insulation (myelin) that 
coats axons (see the figure). It is formed by 
nonneuronal cells, oligodendrocytes, which 
wrap up to 150 layers of tightly compressed 
cell membrane around axons. Myelin is 
essential for high-speed transmission of 
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electrical impulses, and its damage can 
impair conduction and consequently, sen- 
sory, motor, and cognitive functions. The 
human brain continues to undergo myelin- 
ation until at least the third decade of age, 
and the frontal regions of the cerebral cortex, 
which carry out higher-level executive func- 
tions, are the last to become myelinated. 
Learning involves changes in strength 
of synapses, the connections between neu- 
rons in gray matter. But human brain imag- 
ing using magnetic resonance imaging 
(MRI) has revealed structural changes in 
white matter after learning complex tasks. 
This raises the question of whether white 
matter responds to experience in a manner 
that affects neuron function under normal 
circumstances, thereby affecting informa- 
tion processing and performance. There are 
a few intriguing observations related to this 
possibility. For example, structural changes 
in white matter correlate with the num- 
ber of hours a professional musician prac- 
tices (1). The greatest changes were seen 
in parts of the brain that were not yet fully 
myelinated. Similarly, adult subjects showed 


The role of the brain's white matter in active 
learning and memory may be underestimated. 


increased white matter structural organiza- 
tion in a brain region important for visuo- 
motor control 6 week after learning to jug- 
gle (2). And in a study of adults learning to 
read, the volume, anatomical organization, 
and functional connectivity of white matter 
tracts linking cortical regions important for 
reading were increased (3). Whether these 
changes in white matter structure affect neu- 
ron function directly by altering transmis- 
sion of information required for acquiring a 
skill is not clear. However, the observations 
do show that learning a new skill is associ- 
ated with altered white matter structure in 
the mature brain. 

Histological studies on experimental 
animals should clarify whether the white 
matter changes seen by MRI after learn- 
ing are caused by myelination of unmyelin- 
ated axons, increased thickness of myelin 
on axons that are already myelinated, altera- 
tions in axon caliber, branching, or crossing, 
or other cellular changes. MRI analyses of 
Japanese macaques have shown, for exam- 
ple, large structural changes in white mat- 
ter in the cerebellum after training them to 


5 NOVEMBER 2010 VOL330 SCIENCE www.sciencemag.org 


Published by AAAS 


Downloaded from www.sciencemag.org on November 4, 2010 


CREDIT: C. BICKEL/ SCIENCE 


White matter. Myelin that coats and insulates neuronal axons may control the propagation of electrical 
impulses in a manner that affects information processing. 


use a rake to retrieve a food reward (4). The 
extent of change correlated with the speed 
of learning the skill. Studies on rats raised 
in enriched environments that provide social 
interaction and novel objects for exploration 
revealed robust cellular changes in gray and 
white matter that include vascular tissue, 
glia, neurons, and increased myelination (5). 
Whether myelin has a primary role in the 
increased information processing in such 
animal models should be further explored, 
as observations such as those in the rat-envi- 
ronment studies may have implications for 
understanding brain development during 
early childhood experience. 

It is unclear whether experiences regu- 
late myelination into adulthood. The size of 
the corpus callosum brain region increased 
by 10% in adult rats that were placed in an 
enriched environment for several months, 
but this was caused by an increased volume 
of another type of glial cell (astrocytes) as 
well as unmyelinated axons, possibly as a 
result of axon sprouting (6). The same treat- 
ment increased the volume of myelinated 
axons in the corpus callosum of juvenile ani- 
mals. Thus, more axons appear to become 
myelinated as a result of experience during 
the developmental period when myelination 
is most active. Still, 29% of myelin-form- 
ing oligodendrocytes in adult mice develop 
from oligodendrocyte progenitor cells 
(OPCs) after sexual maturity (7). Perhaps 
this supply is generated for repair or pos- 
sibly for myelination associated with learn- 


ing. Interestingly, the cell division cycle of 
OPCs increases by 8 hours for every day of 
age from birth (8), indicating that the abil- 
ity to form new oligodendrocytes decreases 
with age. This parallels the normal decline 
in human cognition and decrease in white 
matter volume after the age of 50 (9). 

One of the largest categories of genes 
whose expression changes during sleep 
includes genes that control oligdendrocyte 
development and myelination (/0). The rea- 
son for this is unclear, but sleep is linked 
to consolidating memory. Mutations in oli- 
godendrocyte genes have been identified 
as possible risk factors for depression and 
schizophrenia (//), and disruption of spe- 
cific genes in mouse oligodendrocytes cor- 
relates with behavioral changes resembling 
schizophrenia in humans (/2). Mental dis- 
orders are currently understood to be disor- 
ders of synaptic transmission, but oligoden- 
drocytes could perhaps contribute to aberra- 
tions in transmission. 

How do oligodendrocytes know which 
axons are electrically active? Can impulse 
activity affect myelination? Three mecha- 
nisms have been identified that regulate 
myelination or the development of myelin- 
forming glia in response to electrical stimu- 
lation of axons in vitro. Specific frequencies 
of electrical impulses control the amount of 
L1 CAM present on unmyelinated axons, 
a cell adhesion molecule that is neces- 
sary for myelination (/3). The neurotrans- 
mitter adenosine 5’-triphosphate (ATP) is 
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released from axons and activates recep- 
tors on astrocytes, causing them to release 
a cytokine (leukemia inhibitory factor) that 
stimulates myelination by mature oligo- 
dendrocytes (/4). Adenosine derived from 
hydrolysis of released ATP promotes OPC 
development and thus increases myelination 
(15). Although synapses have been detected 
on OPCs, raising speculation that synaptic 
communication could stimulate myelina- 
tion, neuron-OPC synapses are lost as OPCs 
mature to a premyelinating stage (16). Also, 
a nonsynaptic mechanism for ATP release 
from axons has been identified (77). 

White matter is essential for impulse 
conduction, and so the concept of white 
matter plasticity widens the scope of inves- 
tigation beyond the synapse in considering 
transmission of information through neural 
networks that are critical for learning com- 
plex skills and higher-level cognitive func- 
tion in the absence of pathology. Perhaps 
white matter differences that correlate with 
scoring on intelligence quotient tests (/8) 
and certain psychiatric conditions (//) can 
be attributed in part to a direct role for white 
matter in learning and cognitive function. 
But much work needs to be done to explore 
these interesting possibilities. This includes 
determining the nature of the white mat- 
ter structural changes observed and assess- 
ing whether these changes affect electri- 
cal impulse transmission and/or synchrony 
of neuronal firing in a manner that affects 
information processing. 
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Parental Control over the Brain 


Christopher Gregg 


and behavior so substantially that they 

can set us on a course for life. Often 
we consider the impact of parenting styles or 
genetics in this context. However, maternally 
and paternally inherited chromosomes are 
not functionally equivalent, due to heritable 
epigenetic marks established in the parental 
gametes, called genomic imprints. Imprint- 
ing is thought to be rare in the genome, affect- 
ing ~100 genes in mice, and yet examples of 
transgenerational effects on gene expression, 
brain function, and the behavior of offspring 
are growing and increasingly mysterious. In 
one set of experiments, chimeric mice were 
generated by aggregating wild-type cells and 
cells containing either only maternal (parthe- 
nogenetic, PG) or paternal (androgenetic, AG) 
chromosomes. PG cells contributed prefer- 
entially to cortical and limbic brain regions, 
while AG cells contributed only to hypotha- 
lamic regions (/). From these findings, it was 
proposed that mothers and fathers preferen- 
tially influence the evolution and function of 
the cortex and hypothalamus, respectively. 
Several other parental effects have also been 
uncovered (2). Ina study of genetically iden- 
tical uniparental mice, a complex paternal 
transmission pattern of anxiety-related behav- 
iors and growth effects was found that sug- 
gests epigenetic and sex-specific transgenera- 
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tional effects (3). Similarly complex effects 
have been described in humans (4). 

Parental effects have been clearly linked to 
human brain function and behavior through 
studies of Prader-Willi syndrome (PWS) and 
Angelmen syndrome (AS), which result from 
apaternally or maternally inherited deletion of 
an imprinted gene cluster on chromosome 15, 
respectively. PWS is associated with hyper- 
phagia, stubbornness, and compulsive traits 
(5), whereas AS is associated with absence of 
speech, a happy demeanor, and inappropri- 
ate laughter (6). Taken together, these stud- 
ies highlight the potential for parental effects 
to influence the behavior and physiology of 
offspring, and suggest an underlying biology 
and epigenetic mode of inheritance that are 
clearly important but poorly understood. 

My studies, with collaborators at Har- 
vard, are focused on understanding the differ- 
ences and functions of paternal and maternal 
gene expression programs in the developing 
and adult brain (7, 8). We initially mapped 
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Epigenetic marks on maternal and paternal 
genes differentially affect brain development 
in their children. 


the expression pattern of 45 known imprinted 
genes across 118 adult brain regions. This 
study identified neural systems that are 
enriched for the expression of imprinted 
genes. We found the major monoaminergic 
nuclei of the brain (regions with serotonergic, 
dopaminergic, or noradrenergic neurons), as 
well as nuclei involved in feeding behavior, 
such as the arcuate nucleus, and social behav- 
ior, such as the preoptic area, to be enriched 
for imprinted gene expression. These ini- 
tial observations prompted us to develop a 
genome-wide approach to study parental 
effects in specific brain regions at different 
developmental stages. 

We first performed RNA-Seq analysis, a 
transcriptome profiling approach that uses 
deep-sequencing technologies, on cDNA 
libraries from two distantly related mouse 
strains, CASTEiJ and C57BL/6J, to identify 
all coding single-nucleotide polymorphisms 
(SNPs) that distinguish the two strains. 
We then performed RNA-Seq on specific 
brain regions of F, hybrid offspring gener- 
ated by reciprocal crosses of CASTEiJ and 
C57BL/6J mice and used the SNP sites to 
distinguish expression levels from maternally 
versus paternally inherited alleles. Inspired 
by the chimera studies that suggested prefer- 
ential maternal control over cortical regions 
and preferential paternal control over hypo- 
thalamic regions, we compared parent-spe- 
cific gene expression programs in the adult 
medial prefrontal cortex (mPFC) and the pre- 
optic area (POA) of the hypothalamus. The 


P ftee GC Female Male D 
5 **k 
S = 
one 
oe 
4 a5 34 4 
; Se 
SE 
S 
€& 
0 0 0 
Fii Fir 
1118 Ose = Bl18+/- 


Maternal and paternal gene expression programs in the brain. (A) Numbers 
of maternally expressed genes (MEGs) and paternally expressed genes (PEGs) in 
the adult and developing brain. (B) Preferential expression of the maternally 
inherited X (Xm) in the female mPFC revealed by crosses of an X-linked egfp 
reporter mouse to wild-type mice. (C) RNA-Seq analysis reveals preferential ex- 
pression of the interleukin-18 (/I-18) maternal allele (red) relative to the pater- 
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nal allele (blue) in the female, but not male, mPFC (F1i, mouse strain CASTEi] 
mother crossed with a C57BL/6) father; Fir, CASTEi] father crossed with a 
C57BL/6] mother). (D) Quantitative polymerase chain reaction analysis of /I-18 
expression in maternal versus paternal deletion //-18 heterozygous mice reveals 
reduced expression in the mPFC of female, but not male, maternal deletion mice 
relative to paternal deletion mice. 
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The author of the prize-winning essay, Christopher Gregg, received 
his B.Sc. in biochemistry from the University of Lethbridge, Can- 
ada. His graduate studies were carried out under Samuel Weiss at 
the University of Calgary. In 2006, he joined Cath- 


erine Dulac’s laboratory at Harvard University as a 
postdoctoral fellow funded by the Alberta Heritage 
Foundation for Medical Research and the Human 
Frontiers Science Program. Gregg’s postdoctoral 
work has focused on the development of next-gen- 
eration sequencing approaches to study genomic 
imprinting and allele-specific gene expression pro- 
grams in the brain. In 2011, he will join the Univer- 
sity of Utah as an assistant professor, where he plans 
to work toward understanding genetic and epigen- 
etic pathways that influence feeding and neuroeco- 
nomic decision-making processes. 
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University working with Jennifer Raymond and Richard Tsien on the 
molecular mechanisms of memory storage. In a collaboration with 
Georg Nagel and Karl Deisseroth, he pioneered the use of channelrho- 
dopsin-2 for optical activation of neurons. His group at MIT has devel- 
oped reagents for optically silencing neural activity and hardware plat- 

forms for light delivery into the brain, and has distributed 
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number of genes subject to parental effects 
in these regions was greater than expected 
(~372 genes) and involved complex isoform- 
specific parental effects. However, we did 
not find evidence for biased maternal con- 
trol over the cortex. Instead, we found that 
in both the mPFC and POA, ~70% of auto- 
somal genes exhibiting parental effects pref- 
erentially expressed the paternal allele (fig- 
ure, panel A). Interestingly, an analysis of 
X-linked gene expression in females revealed 
preferential expression of the maternally 
inherited X in regions of the adult female 
brain, and this was confirmed with a trans- 
genic approach (figure, panel B). In males, 
the X is strictly maternally derived. Previous 
work revealed that the X chromosome has 
evolved a preferential role in the regulation 
of the brain (9). We speculate that the auto- 
somes and X chromosome give rise to pater- 
nal and maternal gene expression programs, 
respectively, which influence adult brain 
function and behavior. 

Parental effects in the developing brain dif- 
fered from those found in the adult. We found 
~553 genes subject to parental effects in the 
embryonic day 15 (E15) brain, as compared 
to 257 in the adult POA and 153 in the adult 
mPFC (figure, panel A). Further, rather than 


a paternal expression bias, 61% of the genes 
in the developing brain exhibited preferen- 
tial expression of the maternal allele. These 
results reveal maternal effects that are specifi- 
cally associated with brain development. 

Finally, we analyzed males and females 
separately and uncovered evidence for sex- 
specific parental effects. An important exam- 
ple is interleukin-18 (I-18), which exhibits 
preferential expression in the female, but not 
male, mPFC (figure, panels C and D). J/-18 
has been linked to multiple sclerosis (0), a 
sexually dimorphic neurological disease that 
predominates in women and is associated 
with maternal parent-of-origin effects (//). 
In the POA of the hypothalamus, we also 
noted that females have three times the num- 
ber of genes subject to sex-specific parental 
effects as males. The POA plays a central 
role in regulating maternal behavior. Given 
that maternal behavior alone affects offspring 
brain development and behavior, this result 
suggests a remarkable convergence of paren- 
tal influences. 

Our studies of parent-specific gene expres- 
sion programs in the central nervous sys- 
tem suggest surprising and complex modes 
of parental influence over brain develop- 
ment and function in offspring. What are the 


mechanisms that regulate these effects? How 
are maternal and paternal gene expression 
programs functionally related? Do parental 
influences on gene expression adapt to envi- 
ronmental pressures? How do these parental 
effects influence the behavior and physiology 
of offspring? What is the nature of paren- 
tal effects in humans? These questions set a 
course for an exciting frontier and may shed 
new light on our understanding of brain evo- 
lution, function, and disease. 
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INTRODUCTION 


Glee for Glia 


RESEARCH ON GLIAL CELLS HAS COME OF AGE. UNTIL A FEW YEARS AGO, 
gliobiologists felt they had to justify their existence, often in a department of 
neuroscience or neurobiology, and they regularly stressed the abundance of 
glia as compared to that of neurons in the nervous system. Now, however, the 
outdated notion that glia are simply the glue that holds the nerve cells together 
but otherwise have no active role in the brain has been laid to rest for good. 
Years of thorough research and the steady accumulation of solid evidence 
have confirmed that glia are highly complex cells engaged in a plethora of 
functions. The role of glia in, among other examples, synapse formation, syn- 
apse maturation and plasticity, and the rapid conduction of action potentials, 
as well as their immunological functions in the nervous system, have by now 
been unequivocally established. Hence, this year’s neuroscience special issue 
is devoted to glial cells. 

Astrocytes are an important fraction of glial cells in the brain. The molecular 
mechanisms underlying astrocyte specification and growth and their interactions 
with other cell types to assemble the nervous system are still not completely 
understood. In his Review, Freeman (p. 774) presents and discusses exciting 
findings and ideas concerning the development, specification, and morphogen- 
esis of astrocytes. Another type of glial cell, oligodendrocytes, is central to the 
brain’s myelination, which ensures the efficiency and speed of action poten- 
tials. Emery (p. 779) reviews new approaches to investigating oligodendrocyte 
differentiation and myelination in the central nervous system. Microglia are 
another fascinating subpopulation of glial cells. They sense pathological tissue 
alterations and they can develop into brain macrophages and perform immuno- 
logical functions. In a Perspective, Graeber (p. 783) outlines the involvement of 
microglia in the treatment of higher brain functional defects. 

In the research section of the magazine, Lee et al. (p. 790) report that 
tonic inhibition in the cerebellum is due to GABA released from glial cells by 
permeation through the Bestrophin | anion channel. Ginhoux ef al. (p. 841) 
investigate the developmental origin of microglia and show that adult microg- 
lia derive from primitive myeloid progenitor cells that arise before embry- 
onic day 8. In a Perspective, Fields (p. 768) presents his hypothesis that white 
matter, which consists mostly of myelinated axons, may play a role in brain 
plasticity and learning. 

The 9 November issue of Science Signaling complements this Science 
special issue on glia with research into signaling pathways involved in drug- 
resistant glioma, which is a type of aggressive brain cancer (www.sciencemag. 
org/special/glia). A Perspective by Ballanyi et al. describes how astrocytes sense 
changes in pH to stimulate the neurons that control breathing and, in a Pod- 
cast, Fields discusses mechanisms by which nerve and glial cells communicate 
outside of synapses. 

— PETER STERN 
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REVIEW 


Specification and Morphogenesis 


of Astrocytes 


Marc R. Freeman 


Astrocytes are the most abundant cell type in the mammalian brain. Interest in astrocyte function has 
increased dramatically in recent years because of their newly discovered roles in synapse formation, 
maturation, efficacy, and plasticity. However, our understanding of astrocyte development has lagged 
behind that of other brain cell types. We do not know the molecular mechanism by which astrocytes 
are specified, how they grow to assume their complex morphologies, and how they interact with and 
sculpt developing neuronal circuits. Recent work has provided a basic understanding of how intrinsic 
and extrinsic mechanisms govern the production of astrocytes from precursor cells and the generation 
of astrocyte diversity. Moreover, new studies of astrocyte morphology have revealed that mature 
astrocytes are extraordinarily complex, interact with many thousands of synapses, and tile with other 
astrocytes to occupy unique spatial domains in the brain. A major challenge for the field is to 
understand how astrocytes talk to each other, and to neurons, during development to establish 
appropriate astrocytic and neuronal network architectures. 


eurons are not alone in the nervous sys- 
| \ | tem; the vast majority of all cells in the 
adult human brain are glia. Glial cell types 
in the CNS include astrocytes, oligodendrocytes, 
microglia, and chondroitin sulfate proteoglycan 
NG2-positive cells. Together these cells perform 
a dynamic range of functions essential for ner- 
vous system development and physiology, from 
simple trophic support of neurons to wrapping 
axons to allow for rapid nerve impulse conduc- 
tion to modulating synaptic connectivity and ef- 
ficacy. Astrocytes are the most abundant cell type 
in the brain; they are intimately associated with 
synapses and govern key steps in synapse forma- 
tion and plasticity. However, we understand sur- 
prisingly little about the molecular underpinnings 
of astrocyte development. How are astrocytes 
specified at the appropriate developmental time 
from neural precursor cells (NPCs)? What gene 
expression profile distinguishes astrocytes from 
other glia or from neurons? How do newly born 
astrocytes interact with each other or with neu- 
rons to promote astrocyte maturation? This review 
will focus on recent advances in our understanding 
of how astrocytes are generated by NPCs and of 
astrocyte morphogenesis during nervous system 
assembly. Understanding these developmental 
events in molecular terms will provide insights 
into the mechanisms by which glia regulate brain 
development and function, as well as how changes 
in astrocyte function affect neurological disease. 


Making Astrocytes—Nature and Nurture 

During mammalian nervous system development, 
NPCs generate neurons first, followed by glia. Pro- 
ceeding through the neuron-to-glia switch at the 
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proper time is critical for determining how many 
neurons or glia are ultimately made in each brain 
region. The mechanisms regulating this transition 
are complex and not well understood (/). How- 
ever, a number of recent studies indicate that this 
fate switch is governed by both extrinsic environ- 
mental cues that promote astrogenesis in NPCs 
and NPC-intrinsic mechanisms that decrease neu- 
rogenic and increase astrogenic competence over 
developmental time. 

Wht signaling is required for the activation 
of the proneural genes neurogenin1 (ngn1) and 
neurogenin2 (ngn2) in NPCs, where, at an early 
stage, they act to promote neuronal differentiation 
(2-4). However, Wnt ligands continue to be ex- 
pressed in the nervous system even after the neuron- 
to-glia transition, during which time they fail to 
induce ngn expression in NPCs. How are glia made 
when Wnts are still expressed? Hirabayashi et al. 
(5) found key intrinsic changes in histone H3 acet- 
ylation and trimethylation at the ngn/ and ngn2 
promoters in NPCs, such that, at early stages, they 
observed high acetylation and low methylation, but 
at later stages, low acetylation and high methyla- 
tion. These would correspond to the open or closed 
chromatin conformations, respectively. Treatment 
with histone deacetylase (HDAC) inhibitors re- 
sulted in an increase in ngn expression in older, but 
not younger, NPCs, which indicates that HDAC 
activity negatively regulates ngn expression in late 
NPCs. Consistent with a closed chromatin confor- 
mation at ngn loci, it was also observed that RNA 
polymerase II associated at relatively low rates with 
ngn promoters in late-stage NPCs. This epigenetic 
change in NPC competence is somehow mediated 
by the Polycomb group complex (PcG). Knockout 
of key components of the complex (e.g., Ring/B or 
Ezh2) prolongs the NPC neurogenic phase and 
delays the production of astrocytes (5). Thus, de- 
spite the continued presence of Wnts, NPCs are 


able to make the neuron-to-glia switch in part be- 
cause of intrinsic epigenetic changes that lead to 
PcG-dependent suppression of expression of the 
ngns (Fig. 1A). 

Extrinsic signals also potently influence the fate 
of NPC progeny. This was demonstrated by cul- 
turing embryonic NPCs on either embryonic or 
postnatal cortical slices: NPCs made neurons when 
grown on embryonic slices, but glia when grown 
on postnatal slices (6). Thus, NPCs are competent 
to make astrocytes during embryonic stages, but 
normally do not, potentially because of the lack of 
some extracellular astrogenic cue. The Janus kinase— 
signal transducers and activators of transcription 
(JAK-STAT) pathway is a well-known activator of 
astrocyte cell fate and can be stimulated in NPCs 
by cytokines including ciliary neurotrophic factor 
(CNTF), leukemia inhibitory factor (LIF), and 
cardiotrophin-1 (CT-1) (7). Namihira er al. used 
CT-1 to stimulate embryonic NPCs at either early 
or mid-gestational stages and found that CT-1 could 
promote astrocyte production only in mid-gestational 
or older NPCs. However, if Notch signaling 
was also activated in early NPCs, then treatment 
with CT-1 was sufficient to drive astrocyte produc- 
tion. How does Notch change NPC competence to 
respond to CT-1? Previous work had shown that 
methylation of the promoters of key astrocyte 
genes including glial fibrillary acidic protein (gfap) 
and S/008 suppresses STAT binding and activa- 
tion of these genes in NPCs. Moreover, blocking 
DNA methyltransferase activity in NPCs results 
in early induction of astrocyte genes (7). Thus, 
changes in DNA methylation status of astrogenic 
loci was a candidate mechanism. Expressing ac- 
tivated Notch (NICD) resulted in demethylation 
of STAT binding sites in the promoters and ac- 
tivation of expression of gfap and S/00B. The 
mechanism by which Notch drives this event 
appears twofold: First, it promotes the dissocia- 
tion of the DNMT1 maintenance methyltransferase 
[DNA (cytosine-5-)-methyltransferase 1] from the 
gfap promoter; second, it leads to increased nuclear 
factor IA (NFIA) expression (8). NFIA is a key 
regulator of the neuron-to-glia switch (9). NFIA is 
necessary and sufficient for induction of glial 
markers in NPCs like GLAST, is required for 
Notch to promote the transition to gliogenesis, and 
actively inhibits neurogenesis by binding to the 
gfap promoter and protecting it from DNMT1- 
dependent methylation (8, 9). 

Positive Notch signaling is therefore sufficient 
to make NPCs prematurely responsive to CT-1 for 
activation of JAK-STAT signaling. But what drives 
normal activation of Notch in NPCs and, in turn, 
astrogenesis at the appropriate developmental time? 
The answer seems to be early-born neurons. Newly 
bom Nen1" neurons, which are adjacent to NPCs, 
express the Notch ligands JAG1 and DLL] and are 
thus a likely source for signals activating Notch 
signaling in NPCs (8). At the same time, CT-1 is 
secreted by embryonic neurons beginning at mid- 
gestation, which is thought to boost overall levels 
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of CT-1 (/0). It therefore appears that early-born 
neurons costimulate Notch and, through CT-1 re- 
lease, JAK-STAT signaling pathways. Notch sig- 
naling shifts the chromatin state of NPCs to an 
astrogenesis-competent configuration, whereby 
CT-1 can activate astrocytic genes (Fig. 1B). These 
studies have revealed much about how NPCs shift 
from neurogenesis to gliogenesis and have led to 
many exciting new questions including: How are 
the initial epigenetic marks laid down so that NPCs 
make neurons, then glia, and not vice versa? What 
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promotes PcG-dependent repression of ngn loci 
over developmental time? Why doesn't early Notch 
signaling in NPCs (where it promotes maintenance 
of NPC fate) promote astrocyte production? Once 
Notch allows for STAT-dependent activation of 
astrocyte fate, what genes are turned on to pro- 
mote astrocyte fate? 


Astrocyte Diversity—Location Matters 


Whether there is molecular and functional diver- 
sity among newly bor astrocytes remains poorly 
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Fig. 1. Intrinsic epigenetic mechanisms converge with extrinsic signals to promote astrocyte fate from NPCs. 
(A) In early NPCs, chromatin is open at the neurogenin1 and neurogenin2 (ngn1 and 2) loci, Wnt signals can 
activate their expression, and neurogenins promote neuronal fate and inhibit astrocyte fate. In postnatal NPCs, 
the ngn1 and 2 loci have been methylated and bound by PcG, chromatin is closed, Wnt-dependent ngn1 and 2 
expression is suppressed, and astrocyte fate is in turn derepressed. (B) Astrocyte genes are methylated during 
embryonic stages, which closes local chromatin; this is maintained by DNMT1, and astrocyte fate is suppressed, 
despite the presence of low levels of the proastrocyte factor CT-1. At the switch from NPC production of 
neurons to astrocytes, Ngn* neurons release additional CT-1, which activates JAK-STAT signaling, and also 
activates Notch signaling (likely through JAG1 or DLL2), which activates NFIA, an inhibitor of Dnmt1 activity. 
Positive JAK-STAT signaling, coupled with opening of chromatin at astrocyte gene loci, promotes astrocyte fate. 


SPECIALSECTION 


defined. In one (extreme) scenario, all newly born 
astrocytes could be essentially identical, with 
their mature phenotypes being shaped by inter- 
actions with their environment. Alternatively, as- 
trocyte fates could be hard-wired, with astrocyte 
gene expression patterns and functional special- 
izations that are largely predetermined at birth. 
Some intermediate scenario remains the most like- 
ly, as astrocytes are highly responsive to neuron- 
derived cues (below), and there is now good 
evidence that at least some aspects of vertebrate 
astrocyte fates are prepatterned. Positional identity 
along the dorsoventral (DV) and anteroposterior 
(AP) axis is a critical determinant of neuronal fates 
in the mammalian CNS. The ventricular zone is 
subdivided along the DV and AP axes by a com- 
binatorial code of homeodomain transcription 
factors and precursors that generate unique pools 
of neuronal progeny that arise from distinct spatial 
expression domains (//). Recent work has identi- 
fied three subpopulations of spinal cord white- 
matter astrocytes in the chick, which are organized 
along the dorsoventral axis (/2). Each of these as- 
trocyte populations is derived from a unique pro- 
genitor domain in the spinal cord (either VA1, VA2, 
or VA3 from dorsal to ventral) and has a unique 
pattern of expression of the markers Reelin and 
Slit], and their fates appear to be regulated by ho- 
meodomain transcription factors which also gov- 
ern diversification of neuronal fates (Fig. 2). For 
example, Pax6 is expressed in Reelin’ astrocytes, 
is required for Reelin expression, and, in the ab- 
sence of Pax6, the border of Slit] expression ex- 
pands dorsally. Reciprocally, overexpression of 
Pax6 (even after the neurogenic phase is complete) 
is sufficient to expand the domain of Reelin expres- 
sion ventrally and to suppress Slit! expression (/2). 
These types of cell fate switches are reminiscent 
of those seen in neuronal lineages when the ex- 
pression domain of Pax6 is manipulated (/3). 
However, the functional significance of VA1, VA2, 
and VA3 white matter astrocyte diversity remains 
unclear. Moreover, these represent only a subpop- 
ulation of white matter astrocytes (which are them- 
selves a subpopulation of all astrocytes), and it 
remains to be determined whether the homeodo- 
main code governs the specification of additional 
populations of astrocytes in a similar way. 
Beyond global DV-AP patterning mechanisms 
there is also evidence for more local regulation of 
astrocyte production from NPCs. The basic helix- 
loop-helix transcription factor stem cell leukemia 
(Scl) is required for distinguishing between as- 
trocyte and oligodendrocyte fates, but only at the 
border of the pMN and p2 domains of the spinal 
cord and not in other regions of the spinal cord. 
This likely represents a patterning step (i.e., binary 
choice mechanism), rather than a mechanism for 
astrocyte specification, because Scl also modu- 
lates v2a versus v2b interneuron fates in the same 
region of the spinal cord (/4). It is plausible that 
several such astrocyte subpopulations exist whose 
production from NPCs is modulated in a region- 
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Fig. 2. Astrocyte diversity is generated by production from unique spatial domains. (A) A schematic illustrating VA1, VA2, 
and VA3 domains of the spinal cord white matter astrocytes and expression domains of Reelin and Slit1. (B) A 
homeodomain code that controls the generation of neuronal diversity is reused during astrocyte specification to promote 
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white matter astrocyte diversity. [(A) and (B) are adapted from (12)] 


ally restricted way, but such mechanisms await 
description. Positional identity is thus an im- 
portant organizing feature of astrocyte popula- 
tions, with mechanisms like homeodomain codes 
patterning globally and Scl ensuring produc- 
tion of subpopulations in binary choice scenarios. 
Because location matters, a model whereby as- 
trocyte phenotype is primarily de- 
termined by astrocyte interactions 
with the environment seems in- 
creasingly unlikely. 


The Black Box of 
Astrocyte Specification 


Although the above-described path- 
ways potently modulate the neuron- 
to-glia switch in NPCs (i.e., when 
and where NPCs will make astro- 
cytes), they do not seem to specify 
astrocyte fate. PcG genes act in 
the termination of neurogenesis 
(rather than induction of gliogene- 
sis), JAK-STAT and Notch signal- 
ing makes NPCs competent to 
make astrocytes, and DV-AP pat- 
terning mechanisms determine 
where NPCs will make astrocytes. 
COUP-TFI and II (chicken ovalbumin upstream 
promoter-transcription factors I and ID) are also 
critical regulators of the induction of gliogenesis, 
but like the above-described pathways, they appear 
to regulate the timing of NPC competence to make 
glia (75), rather than specifying glial fates per se. 
Moreover, all of these pathways affect not only 
astrocyte development but also that of other glia 
subtypes (e.g., oligodendrocytes) and/or neurons. It 
should also be noted that these studies relied 
primarily on the activation of GFAP or S100B as 
markers for astrocyte fates—these are known to be 
imperfect markers—and none traced these cells to 


the point where they had acquired their mature 
morphology in the brain. As such, it remains un- 
clear how astrocyte-like the cells of interest did, or 
did not, become. To date, no mutants exist where 
astrocytes are completely lacking, and no astrocyte- 
specific transcription factors have been identified. 
Thus, genes that direct an immature cell in the 


GFAP 


LCK-GFP 


nervous system to acquire the characteristics of a 
mature astrocyte remain to be discovered. 

How will we move forward? The above study 
of DV-AP patterning of astrocytes was possible 
because Reelin and Slit! allowed for the molecular 
discrimination of unique subsets of cells. New 
markers are needed to understand the development 
and diversity of these astrocyte subtypes. A recent 
large-scale screen of the spatial and temporal ex- 
pression of more than 1400 mammalian transcrip- 
tion factors led to the identification of 12 with 
expression in spinal cord white matter in either 
oligodendrocyte or astrocyte lineages. Two of these 


eS ES esi 


eS 


genes, Sc/ and K/f15, were strong- 
ly enriched in expression in astro- 
cytes, and their misexpression 
promoted precocious production 
of GFAP" cells (16). A number of 
genomic approaches have been 
used to define the expression pro- 
files of astrocytes and other major 
cell populations in the nervous 
system including GeneChip arrays 
(77, 18) and translating ribosome 
affinity purification (TRAP) (79). 
Comprehensive GeneChip arrays 
on highly purified astrocytes, oli- 
godendrocytes, and neurons from 
multiple developmental stages pro- 
vide a resource to explore how 
astrocytes change expression pat- 
tems over developmental time and 
have led to the identification of 
improved astrocyte markers like 
Aldh1L1 (/7). Interestingly, micro- 
array and TRAP studies have both 
called into question the classification of “glia” as a 
single brain cell class; expression analysis indi- 
cates that different glial subpopulations, such as 
astrocytes and oligodendrocytes, are as different 
from one another with respect to gene expression 
profiles as they are from neurons (/7, 19). Both 
approaches have yielded treasure troves of interest- 
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Fig. 3. Astrocyte morphology is far more complex than initially appreciated. Astrocytes in an organotypic slice 
preparation labeled with the common marker GFAP (red) overlaid with a single astrocyte transfected with the 
membrane marker Lck-GFP (green fluorescent protein). Arrow indicates GFAP label of Lck-GFP—marked astrocyte. 
[From (53) with permission from Elsevier] 


ing genes for future functional studies, but the next 
important steps include generating new markers to 
define the diversity and development of astrocyte 
populations, producing a new battery of astrocyte 
gene promoter-driven Cre lines to manipulate all 
or selected subsets of astrocytes, and ultimately 
defining which of these genes are key regulators 
of astrocyte specification, growth, and function. 


The Mystery of Astrocyte 
Morphogenesis—Blossoms in the Brain 

The morphology of a mature mammalian astro- 
cyte is spectacular. From the cell soma radiate 
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primary branches that gradually divide into finer 
and finer processes to generate a dense network 
of delicate terminal processes, which associate 
very closely with synapses. Until recently, most 
studies used GFAP immunostains to characterize 
astrocyte morphology, but this marker only reveals 
the structure of primary branches, which represent 
a meager ~15% of the total volume of the astrocyte 
(20) (Fig. 3). Astrocytes are more morphologically 
complex than was initially appreciated. Impres- 
sively, depending upon the particular brain region, 
a single mature rodent astrocyte can cover a spatial 
domain in the brain that ranges between 20,000 
and 80,000 um? (20-22), wrap multiple neuronal 
somata (2/), associate with 300 to 600 neuro- 
nal dendrites (2/), and contact ~100,000 individual 
synapses (20, 23). In humans, these numbers 
increase dramatically, with a single astrocyte 
occupying a volume in the brain that is almost 
30 times the volume in rodents and associating 
with ~2,000,000 synapses (23). 

We know remarkably little about signaling 
pathways that direct immature astrocytes gener- 
ated by NPCs to transform ultimately into mature 
astrocytes in vivo. Astrocytes sprout cellular 
processes as early as the first week of postnatal 
development, and most processes appear filopodial 
(i.e., actively growing) in nature. At this devel- 
opmental time point, the borders 
of astrocytes are quite ragged, and 
long processes that extend well 
beyond the astrocyte’s border are 


> 


(24). It is now believed that astrocytes “tile” with 
one another, through a mechanism akin to dendritic 
tiling, to accomplish complete coverage of the brain 
space (Fig. 4, A and B). How these domains are 
established and whether they are predefined or 
generated stochastically remain to be determined. 
For example, do initially overlapping astrocytic pro- 
cesses simply retract, or are they, in fact, pruned by 
larger-scale degradative mechanisms (e.g., overlap- 
ping processes are severed, degrade, and are cleared 
from the CNS) as has been observed with pruned 
dendrites and axons (25)? Is the extreme gap junc- 
tion coupling observed in mature astrocytes a 
mechanism for communication among astrocytes 
during the establishment or maintenance of these 
domains? Astrocytic domains have been pro- 
posed to function as “synaptic islands,” whereby 
a single astrocyte could coordinate the activity of 
all synapses within its unique spatial domain, but 
their functional relevance remains to be determined 
(21). The integrity of astrocytic domains is com- 
promised in mouse models of epilepsy within a 
week after injury, with astrocytes exhibiting a dra- 
matic decrease in fine processes and an increase in 
the overlap of thicker processes, and these changes 
persist for 6 months after injury (26). The break- 
down of unique astrocytic domains may occur in an 
injury-specific manner in the CNS because reactive 


commonly observed. However, 
during weeks 3 and 4 of postnatal 
development, astrocyte processes 
ramify to an increasing degree, 
distal processes become much 
thinner and spongiform in mor- 
phology, and fine astrocytic pro- 


Relative numbers 


Neurons 


Astrocytes Synapses + astrocyte 


morphological 
refinement 


cesses densely infiltrate the brain 
tissue (24). Thus, astrocyte mor- 
phology appears to be “mature” 
by week 3 to 4. In two landmark 
studies using dye injections to dif- 
ferentially label neighboring as- 
trocytes, it was shown that each 
astrocyte, in fact, occupies a unique 
spatial domain and forms discrete 
borders with neighboring astrocytes 
(20, 22). How these borders form 
remains an intriguing and unex- 
plored question. Early in devel- 
opment in the hippocampus (at 
postnatal day 7), which corresponds 
to the active growth stage of astro- 
cyte development, neighboring 
astrocytes exhibit significant over- 
lap of processes. However, overlap- 
ping processes are “pruned” back, 
and discrete borders develop by 
postnatal day 14, and this resolution 
of spatial domains becomes even 
more evident by postnatal day 21 
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astrocyte overlap was negligible when multiple 
brain regions were subjected to denervation (27). 
What governs the branching and elaboration 
of astrocyte processes? Because astrocytes are 
sensitive to neuronal activity, it would be sur- 
prising if their morphology was not shaped 
during development in some way by local neural 
activity. Astrocyte membranes are extremely dy- 
namic in live preparations of the mature brain and 
apparently more so near synapses than neuronal 
cell bodies (28), consistent with a correlation of 
motility with synaptic activity. In a number of 
physiological settings, astrocytes appear to re- 
spond morphologically to changes in neural ac- 
tivity (29, 30). For example, a wide range of studies 
have reported dynamic and activity-dependent 
changes in Ca’" signaling in astrocytes (29); these 
include events that depend upon the major mam- 
malian neurotransmitter glutamate (3/7, 32), and 
glial ensheathment of synapses appears to be in- 
creased after neuronal stimulation (33-35). Spe- 
cific behaviors can also elicit coordinated Ca?” 
signaling in glial networks in vivo (36). Astrocytes 
express an array of neurotransmitter receptors and 
transporters, as well as ion channels through which 
they likely sense neuronal activity and direct mor- 
phological changes (37, 38). However, the extent 
to which astrocyte growth during development 
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Fig. 4. Coordination of astrocyte morphological growth and refinement with synapse formation. (A) Although most neurons 
are made during embryonic stages, the major waves of synaptogenesis follow and depend on astrocyte production. The 
timing of astrocyte growth and morphological refinement overlaps significantly with this window of synaptogenesis. (B) 
Astrocytes initially extend large, filopodial processes that overlap significantly with neighboring astrocytes; however, by 
postnatal day 21, astrocytes refine their morphology to occupy unique spatial domains and elaborate fine processes that 
closely associate with synapses. (C) A complex interrelation exists between synapses and astrocyte processes. Eph or ephrin 
signaling can bidirectionally control astrocyte features, as well as spine morphology (see text). 
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depends on neuronal activity, or neuron-astrocyte 
signaling via other mechanisms, remains poorly 
defined. 


Synaptogenesis and Astrocyte 
Maturation—Reciprocal Signaling During 
Brain Assembly? 


How astrocyte growth is regulated such that ini- 
tially simple cells can transform into a field of 
mature astrocytes with tiled and morphologically 
complex architecture remains a major question for 
the field. The close association of astrocytes with 
synapses, which is observed from even the earliest 
stages of development, is probably providing us 
with important clues. Astrocytes are now appre- 
ciated as important regulators of synapse forma- 
tion, maintenance, efficacy, and elimination, but 
whereas increasing attention has been focused on 
how the synaptogenic activity of astrocytes sculpts 
neural connectivity, an equally interesting question 
is, do these newly formed synapses reciprocally 
shape astrocyte morphology? Not only is there is 
an intriguing coordinate timing between synapse 
formation and astrocyte birth (i.e., synapses form in 
earnest only after astrocytes appear), but the ma- 
turation of fine astrocytic processes and the estab- 
lishment of astrocyte spatial domains seems to 
immediately follow the formation of new synapses 
(Fig. 4A). The major waves of rodent CNS synapto- 
genesis occur during the first 2 to 3 weeks of post- 
natal life (39-41). This is the time when astrocytes 
are dynamically growing. However, by weeks 3 to 4 
(.e., after the major wave of synapse formation), 
astrocytes have taken on their mature morphology, 
with fine processes closely associating with synapses 
and astrocytic spatial domains having been tiled 
out in the brain space. The expression of thrombo- 
spondins (TSP1 and TSP2), which are key astrocyte- 
secreted molecules that induce synapse formation, 
is high in the developing brain during week 1, but 
ceases by postnatal week 3 (42). This correlates 
with reduced synaptogenic potential of neurons 
and suggests that astrocytes down-regulate path- 
ways that strongly promote synapse formation 
(41). Because astrocyte processes are broadly re- 
sponsive to neural activity (30), it is easy to image 
how the initiation of synaptic activity could imme- 
diately begin to draw fine glial processes to newly 
formed synaptic contacts. For example, glutamate 
receptors (mGluRs) and transporters (EAAT1 and 
GLT-1) appear to be expressed in astrocytes dur- 
ing the first week of postnatal life (43, 44), which 
suggests that astrocytes are primed even at early 
stages to be responsive to neurotransmission. Accu- 
mulating evidence argues for an exciting and central 
role for Eph receptor-ephrin signaling in sculpting 
astrocyte-dendritic spine interactions. Astrocytic 
ephrin-A3 modulates dendritic spine morphology 
through neuronal EphA4, with activation of EphA4 
negatively regulating spine growth (45), and there is 
an intriguing correlation between astrocyte contact 
and the maturation and lifetime of dendritic spines 
(46). Eph or ephrin signaling activates bidirectional 


signaling between the engaged cells, which would 
offer an elegant mechanism for simultaneously co- 
ordinating astrocyte process growth and spine morph- 
ology through a single pathway. Indeed, EphA4 
and/or ephrin-A3 can modulate expression of glu- 
tamate transporters in glia (47), which appears 
critical for synaptic plasticity (48) (Fig. 4C). How- 
ever, the role of Eph or ephrin signaling in as- 
trocyte growth control has only been explored in 
the mature brain in vivo, despite the fact that 
ephrins can stimulate filopodial outgrowth from 
astrocytes within minutes (49). 


In Closing—lIt’s Wide Open 


The future looks very bright for the field of as- 
trocyte biology. We have a new appreciation for the 
fact that astrocytes are far more than simple support 
cells. They are active participants in brain assembly 
and signaling, and it is abundantly clear that we 
have only scratched the surface of the depth of their 
biology. Interest in glial cells has been increasing 
dramatically over the past two decades, and this has 
led to the inevitable development of new sophis- 
ticated genetic tools with which to label and manip- 
ulate astrocytes in vivo. New tools that allow for 
temporally controlled deletion of genes, specifically 
in mouse astrocytes, along with improved high- 
resolution imaging techniques, are enabling research- 
ers to address fundamental questions in astrocyte 
biology for the first time. These tools need to be 
expanded and exploited to pry deeply into astrocyte 
biology in vivo. There is also growing interest in the 
use of genetic model organisms like Drosophila, 
Caenorhabditis elegans, and zebrafish in the study 
of glial biology. Drosophila have glial subtypes 
that are morphologically and molecularly similar 
to mammalian astrocytes (50, 51), C. elegans glia 
share a range of developmental and functional prop- 
erties with mammalian glia (52), and these orga- 
nisms are amenable to rapid forward genetic 
screens. Now is the time to harness the powerful 
forward genetic approaches in these organisms to 
explore astrocyte development and function. From 
a developmental perspective, central questions for 
the field include the following: What gene ex- 
pression profile and key genes make an astrocyte? 
How do astrocytes grow into intricate morphologies 
and associate with synapses? How dynamic is this 
association? Precisely how do astrocytes govern 
synaptogenesis or other aspects of neural circuit 
formation? How do synapses reciprocally govern 
astrocyte maturation? Finally, how are develop- 
mental mechanisms reused in the adult during plas- 
ticity or changed after injury or in disease? 
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REVIEW 


Regulation of Oligodendrocyte 
Differentiation and Myelination 


Ben Emery 


Despite the importance of myelin for the rapid conduction of action potentials, the molecular bases of 
oligodendrocyte differentiation and central nervous system (CNS) myelination are still incompletely 
understood. Recent results have greatly advanced this understanding, identifying new transcriptional 
regulators of myelin gene expression, elucidating vital roles for microRNAs in controlling myelination, and 
clarifying the extracellular signaling mechanisms that orchestrate the development of myelin. Studies have 
also demonstrated an unexpected level of plasticity of myelin in the adult CNS. These recent advances provide 
new insight into how remyelination may be stimulated in demyelinating disorders such as multiple sclerosis. 


ithin the vertebrate nervous system, the 
\ N / efficiency and speed of action potentials 
relies on myelin. Myelin is a specialized 
structure generated by glial cells, which extend 
compacted spirals of membrane around the axons 
of many neurons. Within the central nervous sys- 
tem (CNS), myelin is formed by oligodendrocytes. 
Developmentally, these cells are generated by sub- 
ventricular cells in the brain and spinal cord that 
give rise to committed oligodendrocyte progenitor 
cells (OPCs) that divide and migrate throughout the 
CNS. These OPCs appear in successive waves; at 
early developmental stages they predominantly 
arise from ventral regions of the neural tube, but at 
later developmental stages these are largely replaced 
by dorsally derived OPCs (7). These OPCs can then 
terminally differentiate into postmitotic, premyeli- 
nating oligodendrocytes which, given the appro- 
priate environmental cues, will further mature and 
myelinate nearby receptive axons. 

That oligodendrocytes have a role in myelina- 
tion has been appreciated for nearly a century. 
Penfield noted in 1924, for instance, “That these 
cells have to do with the formation and maintenance 
of the myelin sheath is born out by the facts. ..they 
are very numerous, especially in the white matter, 
and the position and relation of their cytoplasmic 
expansions to the myelin sheaths is similar to the 
arrangement of the sheath of Schwann” (2); astute 
observations given that myelin and the oligoden- 
drocyte cell bodies could not be stained in the same 
sections by the methods of the time (Fig. 1). The 
importance of myelin for CNS functioning has long 
been apparent from human diseases such as multi- 
ple sclerosis (MS) and inherited leukodystrophies 
in which the integrity of the myelin sheath is lost, 
and from the severe phenotype of mutant mouse 
and rat strains in which the myelination process is 
disrupted. To date, most myelination research has 
been directed toward identifying mechanisms that 
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promote or inhibit it during development with the 
goal of developing strategies to promote repair in 
the demyelinated CNS. Myelin may exhibit substan- 
tial plasticity throughout adult life. This has sparked 
renewed interest in the myelination process given 
that this plasticity may have profound implications 
for neural functioning. Here, I present some of the 
major areas of research within the CNS myelination 
field and some recent discoveries about the biology 
of oligodendrocytes and their progenitors. 


Extrinsic Signaling Mechanisms 

Controlling Oligodendrocyte 

Differentiation and Myelination 

Perhaps not surprisingly given the importance of 
myelination for the proper functioning of the 


Fig. 1. (A) Drawing of silver-stained oligodendrocytes (“O”) and 
a neuroglia/astrocyte (“N") by Penfield in 1924 (2). The myelin 
sheath was not stained in these preparations, thus the existence of 
a continual cytoplasmic link between oligodendrocytes and myelin 
was not demonstrated until the advent of electron microscopy. (B) 
Myelin sheathes in the developing mouse optic nerve stained with 
antibodies against myelin basic protein (red), with oligodendro- 
cyte cell bodies stained with the B-catenin inhibitor adenomatous 


polyposis coli (green). 
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CNS, the development of oligodendrocytes and 
myelination of individual axons is a highly reg- 
ulated process controlled by a number of mech- 
anisms. These include axonal surface ligands, 
secreted molecules, and axonal activity. 

Extracellular ligands and secreted molecules. 
The simplest mechanism for determining whether 
an individual axon is myelinated would be the 
expression of inhibitory or permissive cues for 
myelination on the surface of the axon itself. This 
mechanism would also have the important benefit 
of allowing control of myelin at the subcellular level, 
explaining how individual axons proximal to an oli- 
godendrocyte can be myelinated or unmyelinated 
rather than the oligodendrocyte indiscriminately 
myelinating the entire field of axons. Intriguingly, 
many of the axonally expressed ligands found to 
influence myelination to date have been inhibitory, 
preventing oligodendrocyte differentiation and/or 
myelination. These factors have included axonal 
expression of ligands such as Jagged, which sig- 
nals via Notch in OPCs (3), PSA-NCAM (4), and 
LINGO-1 (5), all of which inhibit either OPC dif- 
ferentiation or myelination. In contrast to the pe- 
ripheral nervous system in which axonal expression 
of neuregulins is the dominant permissive signal 
for myelination by Schwann cells, neuregulin sig- 
naling to oligodendrocytes is largely dispensable 
for myelination, though CNS overexpression of 
neuregulins does induce hypermyelination (6). 
This may be at least partially due to redundancies 
with other promyelination signals such as laminins 
(7), which can activate overlapping intracellular 
signaling pathways. 

Signaling via the Wnt/B-catenin 
pathway has emerged as a key regu- 
lator of oligodendrocyte development, 
though one with somewhat paradox- 
ical roles. Wnt signaling via the cano- 
nical pathway is transiently activated 
in OPCs concurrent with the initiation 
of terminal differentiation. Both B- 
catenin activity and the expression of 
Tcf4/Tcf712 (a transcription factor that 
mediates the transcriptional effects 
of the Wnt/B-Catenin pathway) are 
subsequently down-regulated in ma- 
ture oligodendrocytes (8, 9). This 
down-regulation of Wnt signaling 
may be necessary for oligodendro- 
cyte differentiation, as mutant mice 
with elevated Wnt/B-catenin signaling 
in the oligodendrocyte lineage display 
blocked differentiation and hypo- 
myelination (8). Paradoxically, how- 
ever, deletion of the Wnt effector Tcf4 
does not cause precocious oligoden- 
drocyte differentiation as may be ex- 
pected, but also blocks oligodendrocyte 
differentiation (0, 77). Wnt signaling 
may thus exert complex roles in myeli- 
nation, acting in conjunction with Tcf4 
to promote the initial stages of oligo- 
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dendrocyte differentiation, but preventing subse- 
quent differentiation steps and myelination unless 
down-regulated. These results have potential rele- 
vance for remyelination in human disease given 
that Wnt signaling components are present in MS 
lesions, suggesting that dysregulated Wnt/B- 
catenin signaling could contribute to the lack of 
remyelination often seen in this disease (8). 

In addition to the above factors, it is almost 
certain that a number of extracellular ligands that 
modulate CNS myelination remain to be identified. 
For instance, the orphan G protein-coupled recep- 
tor (GPCR) Gpr17 is transiently 
expressed during oligodendrocyte 
differentiation. Overexpression of 
Gpr17 causes severe dysmyelina- 
tion, with oligodendrocyte differ- 
entiation stalling at an early stage; 
conversely, deletion of the gene 
results in precocious differentia- 
tion of OPCs into oligodendro- 
cytes (12). The relevant ligand(s) 
for Gpr17 in this context have yet 
to be identified, but based on the 
phenotype of Gpr17 mutants they 
are presumably potent inhibitors of 
oligodendrocyte differentiation. 
Similarly, inhibition of y-secretase 
activity within oligodendrocytes 
during their differentiation in neu- 
ronal co-cultures promotes forma- 
tion of myelin segments (73). This 
effect is not mediated through ob- 
vious candidate y-secretase sub- 
strates such as Notch, indicating 
that myelination can be inhibited 
though additional extracellular sig- 
nals that act through a y-secretase— 
dependent pathway. An orphan 
GPCR has recently been identi- 
fied in zebrafish as having a vital 
role in promoting myelination by 
Schwann cells, raising the pos- 
sibility that functionally equiv- 
alent GPCRs that promote myelination will be 
identified in oligodendrocytes (/4). Proteomics 
and gene array studies that identify neuronally ex- 
pressed ligands and oligodendrocyte lineage ex- 
pressed receptors will likely be instrumental in 
identifying some of these currently uncharacterized 
promyelination signals. 

Neuronal activity. In addition to genetically 
programmed extracellular ligands, there is evi- 
dence that myelination is at least in part driven by 
the level of electrical activity in the axons them- 
selves (15, 16). This is particularly noteworthy be- 
cause neural activity may also modulate ongoing 
myelination in the adult CNS, representing a form 
of neural plasticity (see below). There are a number 
of potential mechanisms by which this neuronal 
activity may promote myelination. Neuronal activ- 
ity may modulate the surface expression of the 
abovementioned axonal ligands or cytokines, 


though only limited evidence for such a mechanism 
exists at present (/7). Alternatively, release of aden- 
osine by active axons may activate purinergic re- 
ceptors on OPCs and promote their differentiation 
and myelination (/8). A less direct mechanism 
involves axonal release of ATP stimulating adjacent 
astrocytes to release the promyelination cytokine 
LIF, which in tum signals to oligodendrocytes (79). 

Oligodendrocyte progenitor cells may be well 
equipped to receive synaptic input directly from 
neurons and respond accordingly. Direct stimulation 
of OPCs by glutamate released by synaptic-like 


Flow —> 


Fig. 2. Demonstration of OPC depolarization in response to synaptic input. [Reprinted 
by permission from Macmillan Publishers Ltd. (20)] (A to C) Example of one of the 
hippocampal OPCs recorded by Bergles et al. filled with biocytin (A and B) and stained 
with antibodies against the OPC marker NG2 (C). Scale bar, 20 tm. (D) OPCs in the CA1 
region were patch clamped and their membrane potentials measured in response to L- 
glutamate stimulation of CA3 neurons. Neuronal activity elicited bursts of inward currents 
in the OPCs (blocked by tetrodotoxin). The physiological role of these synaptic inputs to 
OPCs and the OPCs’ ability to depolarize in response to them remains unknown. 


structures was first described for the hippocampus 
(20) and has since also been observed in other gray 
and white matter regions and for the neurotrans- 
mitter y-aminobutyric acid (GABA) (2/, 22). 
Because OPCs express ionotrophic glutamate re- 
ceptors and voltage-gated ion channels (23), they 
can respond to this stimulation with a depolariza- 
tion event not unlike the action potential of a neu- 
ron (Fig. 2). Although there is controversy over 
whether OPCs can generate bona fide action po- 
tentials and whether all OPCs can respond to 
synaptic input in this manner (2/, 24, 25), the gen- 
eration of miniature excitatory postsynaptic poten- 
tials by OPCs in response to glutamate stimulation 
has been a generally consistent finding. This syn- 
aptic input onto OPCs is also observed in the con- 
text of remyelination in the adult CNS (26) and is 
rapidly lost as the cells differentiate into mature 
oligodendrocytes (24, 26), suggesting that it likely 


has a specific role in regulating OPC behavior. This 
suggests an elegant mechanism in which activity 
of unmyelinated axons is associated with direct syn- 
aptic release from axo-glial synaptic junctions onto 
adjacent OPCs, which differentiate and myelinate 
the axon at a certain signal threshold. However, 
hard experimental support for this concept is still 
lacking. Treatment of OPCs with glutamate in vitro 
can inhibit both their proliferation and subsequent 
differentiation via a block in rectifier K" channels 
(27); this suggests that the role of glutamatergic sig- 
naling to OPCs may be to limit, rather than promote, 
myelination, possibly maintain- 
ing a pool of nondividing NG2- 
positive cells in the adult CNS. 
Moreover, although it has been 
reported that there are distinct pop- 
ulations of excitable and nonex- 
citable OPCs, with only the first 
group receiving synaptic input (25), 
it is not yet clear whether these 
groups display different capac- 
ities to myelinate and how they 
relate to the dividing and nondi- 
viding populations of OPCs also 
described in the mature CNS (28). 
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Intrinsic Control of 
Oligodendrocyte Differentiation 
and Myelination 


It has long been appreciated that 
much of the regulation of oligo- 
dendrocyte behavior is intrinsic 
in nature, with mechanisms such 
as an internal “‘clock” limiting the 
number of cell divisions in OPC 
cultures grown in the absence of 
neurons (29). The past decade 
has seen great advances in our 
understanding of the nature of 
these intrinsic factors, which 
operate through transcriptional, 
posttranscriptional, and epige- 
netic mechanisms. 
Transcriptional regulation. Chick electropo- 
ration and knockout mouse studies have proven 
instrumental in identifying a number of transcrip- 
tion factors required for the specification or differ- 
entiation of oligodendrocytes (Fig. 3). The initial 
specification of the oligodendrocyte lineage is re- 
liant on the transcription factor Olig2; ventrally 
derived oligodendrocytes (and lower motor neu- 
rons) are derived from Olig2-expressing subventric- 
ular zone progenitors, and the oligodendrocyte 
lineage is absent in Olig2-null mice (30, 37). Sub- 
sequently, the downstream induction of a number 
of transcription factors, most notably Olig!, Ascll, 
Nkx2.2, Sox10, YY1, and Tcf4, is required for the 
generation of mature, postmitotic oligodendrocytes 
(32). All these factors are present in OPCs as well 
as in postmitotic oligodendrocytes, with the excep- 
tion of Tcf4, which is transiently expressed during 
differentiation (8, //). This suggests that their roles 
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in promoting differentiation and activity at myelin 
gene promoters must be subject to regulation by 
additional factors differentially expressed between 
OPCs and myelinating cells. In this regard, a num- 
ber of transcription factors, most notably Id2, Id4, 
Hes5, and Sox6, have been identified that are active 
in maintaining OPCs in their undifferentiated state 
and repressing myelin gene expression. This has 
led to a general “derepression” model of oligoden- 
drocyte differentiation and myelination, whereby 
relief of extracellular inhibitory signals causes the 
down-regulation of these inhibitory factors or 
changes in their cellular localization, allowing pro- 
differentiation factors to induce differentiation 
and the expression of myelin genes. 

The advent of wide-based gene expression anal- 
ysis such as DNA microarrays has allowed for 
identification of many oligodendrocyte-specific or 
regulated genes with likely roles in regulating the 
myelination process (12, 33, 34). This enabled the 
identification of myelin gene regulatory factor 
(MRF), which is expressed within the CNS only by 
postmitotic oligodendrocytes, its expression being 
induced concurrent with terminal differentiation 
(33). Conditional inactivation of MRF within the 
oligodendrocyte lineage causes differentiation to 
stall at an early premyelinating stage, with the cells 
unable to express myelin genes or to myelinate. 
Conversely, forced expression of MRF within OPCs 
causes their precocious expression of myelin pro- 
teins (35). Given that the differentiation deficit seen 
in the absence of MRF appears broadly similar to 
that seen in the absence of factors such as Sox10 or 
Olig1, it is possible that cooperation with MRF upon 
its induction may allow these factors to have rela- 
tively specific roles in oligodendrocyte differentia- 
tion and myelin gene expression despite their earlier 
expression in OPCs. These findings add to the de- 
repression model of oligodendrocyte differentiation 
by demonstrating that the transition from an OPC 
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Fig. 3. Schematic of the oligodendrocyte lineage showing some of the intrinsic 
and extrinsic factors that influence oligodendrocyte differentiation and the 
myelination of individual axons. Oligodendrocyte differentiation requires the 


into a myelinating oligodendrocyte requires the in- 
duction of promyelination factors, such as MRF, in 
addition to the down-regulation of inhibitory factors. 
Chromatin remodeling. Oligodendrocyte dif- 
ferentiation is also regulated at the level of chro- 
matin remodeling by histone deacetylases (HDACs), 
as pharmacological inhibition of HDAC activity 
in postnatal rats causes a delay in oligodendro- 
cyte differentiation and myelination (36). Condi- 
tional deletion of HDAC1 and HDAC2 in the 
oligodendrocyte lineage causes a loss of both 
OPCs and oligodendrocytes (//), suggesting that 
this HDAC activity is required at multiple stages 
of the lineage. Generation of OPCs is retained in 
cortical progenitor-derived cultures from these 
conditional knockout mice; nevertheless, the dif- 
ferentiation of the OPCs into oligodendrocytes is 
still blocked, consistent with the in vivo pharma- 
cological studies (36). Histone deacetylases likely 
promote oligodendrocyte differentiation by in- 
hibiting the expression of pathways and genes 
that otherwise act to block differentiation. These 
include HDAC-mediated inhibition of the Wnt/B- 
Catenin pathway (//) and HDACs acting in con- 
junction with the transcription factor YY 1 to inhibit 
expression of factors such as Id4 and Tcf4 (37). 
MicroRNAs. Posttranscriptional control of gene 
expression by microRNAs also plays a pivotal role 
in controlling CNS myelination. Conditional abla- 
tion of the Dicer enzyme (necessary for processing 
microRNAs into their active form) within the oligo- 
dendrocyte lineage in mice results in profound 
dysmyelination (3840). Dicer (and by extension, 
microRNAs) is largely dispensable for the gener- 
ation of OPCs in these mice; only the postmitotic 
stage of the linage is severely disrupted. Con- 
sistent with this, the expression of Dicer itself 
increases during oligodendrocyte differentiation 
(33, 38, 39). Use of microRNA profiling identified 
several microRNAs, most notably miR-219 and 
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miR-338, that are induced concurrent with oligo- 
dendrocyte differentiation. These microRNAs tar- 
get genes that usually act to maintain OPCs in the 
undifferentiated state, including PDGFRa, Sox6, 
and Hes5 (38, 39). This suggests a mechanism in 
which microRNAs form a positive-feedback loop 
during oligodendrocyte differentiation, such that 
key microRNAs induced early in differentiation 
act to inhibit the expression of genes that promote 
OPC maintenance, thus further inhibiting prolifera- 
tion and promoting differentiation. More subtle 
but important roles have also been identified for 
microRNAs at other stages of the lineage. The miR- 
17-92 cluster regulates OPC proliferation via regu- 
lation of PTEN and thus Akt phosphorylation (4/). 
Similarly, expression of microRNAs is required on a 
continual basis in mature oligodendrocytes for the 
proper maintenance of myelin, because conditional 
ablation of Dicer in mature oligodendrocytes causes 
a dysregulation of the expression of Elovl7 and lipid 
homeostasis (40). These findings clearly demon- 
strate important roles for microRNAs in controlling 
CNS myelination at multiple stages. 


Plasticity of Myelination in the Adult CNS 


Although most myelination occurs early in life, 
myelination continues at least into late adolescence 
and, in some regions of the CNS, may increase 
throughout much of adult life (42, 43). In addition, 
there is evidence of plasticity of myelin in the adult 
CNS in response to changes in neural activity. 
Successful learning of juggling is associated with 
an increase in fractional anisotropy in the white 
matter underlying the intraparietal sulcus (a region 
of the brain involved in perceptual-motor coordina- 
tion), suggesting an increase in myelination (44). 
Similar structural changes in white matter are asso- 
ciated with piano practice during childhood, and 
to a lesser extent, adulthood (45). The neuroimaging 
measures used in these studies are not especially 
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integration of multiple extracellular signals through coordination of multiple 
intrinsic pathways. Myelination is regulated both at the level of oligodendrocyte 
differentiation and more subtly at the level of individual axons. 
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specific to myelination; other potential changes such 
as axonal diameter could contribute to the change in 
signal. Nevertheless, they do correlate well with 
previous findings in animal models that have docu- 
mented increases in myelination after manipulations 
such as environmental enrichment (46). These find- 
ings have led to proposals that activity-related 
changes in CNS myelin could be considered a form 
of neural plasticity, whereby (presumably active) 
axons undergo myelination to improve the speed 
and efficiency of nerve conduction, thus strength- 
ening or synchronizing specific connections (47). 

This is still a largely uncharted area, and the 
real extent to which myelin plasticity may underlie 
forms of learning in the adult CNS is essentially 
untested. The question has profound implications 
both for normal learning and plasticity, and in light 
of findings of reduced myelination in psychiatric 
disorders such as bipolar disorder and schizophre- 
nia (48). If aspects of learning in the adult CNS are 
mediated by ongoing myelination, an obvious ques- 
tion will be whether this adult myelination is regu- 
lated by the same mechanisms that drive myelination 
during development. Another open question is the 
source of new myelin in the adult CNS; is it gen- 
erated by newly differentiated oligodendrocytes, or 
do mature oligodendrocytes display sufficient plas- 
ticity to respond to axonal signals and generate ad- 
ditional myelin segments? In support of the first 
hypothesis, there is a continuous differentiation 
of OPCs into myelinating oligodendrocytes in the 
adult CNS (28). The degree to which this ongoing 
differentiation is activity dependent is unknown; 
however, electrical stimulation of the corticospinal 
tract at the level of the hindbrain in the adult rat 
promotes the proliferation of OPCs within the spinal 
cord (49). At least some of these OPCs differentiate 
into postmitotic oligodendrocytes that closely ap- 
pose the corticospinal axons, though whether they 
go on to myelinate the stimulated corticospinal tract 
axons preferentially over neighboring unstimulated 
axons is not clear. 


Conclusions and Future Directions 


The past decade has seen major advances in our 
understanding of how myelination in the CNS is 
regulated; the use of transgenic and knockout mice 
in particular has demonstrated clearcut roles for 
many ligands and transcription factors in the mye- 
lination process. More recently, substantial control 
of oligodendrocyte development by HDACs and 
microRNAs has also been demonstrated. Increas- 
ingly, there will be a need to synthesize these differ- 
ent elements of regulation into a single model. This 
will require a much better understanding of how 
these various levels of regulation interact; how the 
extracellular signals affect intracellular signaling 
pathways; and how these in turn influence the ex- 
pression and activity of transcriptional regulators, 
epigenetic regulators, and microRNAs. Recent work 
in the peripheral nervous system has made elegant 
inroads into synthesizing some of these elements in 
Schwann cells, delineating clearcut pathways be- 


tween neuregulin signaling, intracellular calctum 
concentrations, and subsequent activity of transcrip- 
tion factors at myelin gene promoters (50). Similar 
work in the CNS will be of vital importance. 

Although we now know that neuronal activity 
mediates myelination, the exact mechanisms by 
which this occurs are largely unknown. Moreover, 
although the existence of synaptic input to OPCs 
and their depolarization in response were first de- 
scribed a decade ago and have been intensely de- 
bated and studied since, the functional importance 
of these phenomena remains unresolved. Increas- 
ingly sophisticated tools such as optogenetics (5/) 
are now available to label and manipulate the ac- 
tivity of individual neurons in a tightly controlled 
manner. Such approaches should be able to deter- 
mine whether modulation of activity in an individ- 
ual axon can promote its myelination independently 
of its neighbors both during development and in the 
adult, and if'so, by what mechanisms. Conversely, 
genetic approaches manipulating the expression of 
key receptors or voltage-gated ion channels specific- 
ally in OPC populations or manipulating the de- 
polarization of these cells will clarify the role of 
synaptic inputs onto OPCs and the OPCs’ ability 
to depolarize in response. 

A major future challenge will be translating our 
knowledge of oligodendrocyte development and 
myelination into therapeutic approaches aimed at 
promoting remyelination in human diseases such as 
the leukodystrophies and MS. In early MS, re- 
myelination can occur relatively robustly, but be- 
comes less efficient with disease progression. Given 
that mature oligodendrocytes are relatively ineffi- 
cient in initiating new myelin segments (/3, 52), it 
seems likely that strategies promoting remyelination 
in such diseases will need to be targeted toward 
promoting the division, recruitment, and differenti- 
ation of OPCs and their subsequent myelination. It 
is not clear whether all mechanisms that regulate 
developmental myelination will have identical roles 
in remyelination; for example, unlike in develop- 
ment, Notch signaling does not appear to be a rate- 
limiting step in experimentally induced remyelination 
(53). Encouragingly, however, many of the mech- 
anisms thus far identified as controlling develop- 
mental myelination do have conserved roles in 
remyelination. For instance, modulation of Lingo-1, 
known to regulate developmental myelination (5), 
also modulates remyelination in animal models of 
demyelination (54). Similarly, SVZ-derived OPCs 
receive synaptic input in the white matter in a mouse 
model of remyelination, indicating that, like devel- 
opmental myelination, remyelination may be in part 
mediated by neuronal activity (26). We are still a 
long way from fully applying our understanding 
of mechanisms of myelin in a therapeutic con- 
text; however, the discoveries described here will 
provide an important basis for such work. 
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PERSPECTIVE 


Changing Face of Microglia 


Manuel B. Graeber 


Microglia are resident brain cells that sense pathological tissue alterations. They can develop into brain 
macrophages and perform immunological functions. However, expression of immune proteins by 
microglia is not synonymous with inflammation, because these molecules can have central nervous 
system (CNS)—specific roles. Through their involvement in pain mechanisms, microglia also respond to 
external threats. Experimental studies support the idea that microglia have a role in the maintenance of 
synaptic integrity. Analogous to electricians, they are capable of removing defunct axon terminals, 
thereby helping neuronal connections to stay intact. Microglia in healthy CNS tissue do not qualify as 
macrophages, and their specific functions are beginning to be explored. 


icroglia are less numerous than neuro- 
M glia but about as common as nerve cells. 
However, until 1991, a leading textbook 
of neuropathology stated (at the beginning of its 
chapter on microglia) that “... the microglia have 
become the most controversial element of the 
central nervous system; indeed, their very ex- 
istence is in doubt,” and the chapter concluded, 
“‘. the term ‘microglia,’ which implies a single dis- 
tinct cell system, is misleading and no longer ap- 
plicable” (/). Less than 20 years and more than 
11,000 publications later, the microglia field has 
developed into a very active branch of neuroscience. 
Microglial cells have an extremely plastic, 
chameleon-like phenotype (Fig. 1). This was dem- 
onstrated conclusively with the advent of lectin 
and antibody markers, which label all microglial 
activation stages and their successful application 
in experimental models such as the facial nucleus 
axotomy paradigm. As a result, the historical con- 
troversy surrounding the “nature and identity” of 
microglial cells that had lasted for decades was 
resolved, and the microglial cell type became firm- 
ly established. Before special stains were avail- 
able, anatomists would see ramified microglia but 
could see “amoeboid” (macrophagelike) microglia 
only during central nervous system (CNS) devel- 
opment, whereas pathologists would encounter 
brain macrophages in different types of CNS le- 
sions but rarely make the connection to ramified 
microglia as the source. The recent debate about 
seemingly contradictory neurotrophic and neuro- 
toxic properties of microglia has to be viewed 
against the backdrop of microglial plasticity. Op- 
posite biological effects of one and the same cell 
type are well established for macrophages (2). 
Although the activity of microglia in immu- 
nological disease states (such as multiple sclero- 
sis) and in the removal of myelin debris is in line 
with their pathological role as macrophages and 
antigen-presenting cells, the discovery of microg- 
lial involvement in neurogenesis, postlesional 
“synaptic stripping,” and neuropathic pain under- 
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scores the existence of additional, functionally 
adapted microglial phenotypes. The present re- 
view attempts to highlight aspects of this emerging 
face of microglial cells. 


The Microglial Immune Network Senses 
Threats to the CNS 


In addition to their marked functional plasticity, 
microglial cells are characterized by a very low 
threshold of activation. They respond to even 
minor pathological challenges that affect the CNS 
(3), directly or indirectly. An early report on microg- 
lial activation detailed the detection of increased 
expression of complement receptors following a 
peripheral nerve lesion (4), demonstrating that a 
remote, sterile stimulus is a sufficient trigger for 
microglial activation. Microglial activation (5) 
occurs within minutes (6) but can be long-lasting. 
It is difficult to imagine any brain or spinal cord 
pathology without a microglial response. Based 
on this principle, an entirely new approach to cell 
type-specific nervous system imaging was de- 
veloped by Banati et al. (see Fig. 2). However, 
the activation of microglia is anything but an un- 
specific process. The wide range of microglial re- 
sponse patterns and the great malleability of the 
microglial phenotype appear to be the result of the 
cells’ ability to respond in a very graded manner 
to changes in their environment (Fig. 1) (7). 

The microglial immune network has to be un- 
derstood as a figurative system for catching or 
entrapping pathogens, because, in a strictly ana- 
tomical sense, microglial cells are not connected 
like neuroglia. Research has failed to demonstrate 
gap junctions between microglia in vivo at the 
ultrastructural level, although one study has sug- 
gested their existence under pathological condi- 
tions (8). In line with this anatomical constraint, 
the microglial response to lesions mirrors the lo- 
cation of an insult far more precisely than that of 
astrocytes, which, unlike microglia, establish a 
syncytial network. In other words, microglial cells 
are more individualistic and keep their distance 
from each other while covering their own surveil- 
lance territory. Because of this absence of direct 
intercellular coupling, microglial cell communica- 
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tion may have to rely more on auto- or parakrine 
mechanisms, as well as on purine and glutamate 
gradients (9). 

The cell processes of normal microglia are 
mobile and scan their microenvironment, even in 
healthy state (/0). Therefore, “resting” microglia 
are sessile, but they are not inactive cells (/0). 
Consequently, the use of the term “resting mi- 
croglia” without further explanation should be dis- 
couraged. Motility (that is, migration) of microglial 
cells is not usually observed in healthy CNS tissue, 
and the available literature suggests that when mi- 
croglia become motile, considerable damage to 
CNS tissue has occurred, requiring structural and 
functional repair. In contrast, perivascular cells 
(11), which are resident in the Virchow-Robin 
spaces, can migrate and are constantly renewed 
from the bone marrow. Unlike most tissue mac- 
rophages, microglia have retained their prolifer- 
ative potential. Perivascular cells constitutively 
express several molecules required for antigen pre- 
sentation (//) and form an immunological blood- 
brain barrier. In contrast, microglia respond to 
threats to the CNS parenchyma proper and only 
express molecules such as major histocompatibility 
complex (MHC) antigens on demand. The expres- 
sion of MHC class II molecules in human neuro- 
degenerative diseases, which might be perceived 
as a nonspecific microglial reaction because it 
is sO common, may in reality represent an im- 
portant and, therefore, conserved mechanism to 
protect brain tissue that is already at risk (/2). 
This view is supported by the intriguing finding 
that a human-specific gene expressed in cortical 
microglia, SIGLECI/ (13), serves to mediate im- 
munosuppressive signals and inhibits the function 
of microglial pattern-recognition receptors (/4). The 
underlying human-specific gene conversion event 
has been said to be related to the evolution of the 
genus Homo (13), in keeping with the uniquely 
human evolution of sialic acid biology (/5). Acti- 
vation of the brain’s microglial cells during systemic 
disease can provide an explanation for the feeling 
of illness and associated sickness behavior (/6). 


Activation of Microglia Can Be Painful 


The role of microglia in the initiation of neu- 
ropathic pain appears to be crucial (/7, 78). Neu- 
ropathic pain that occurs after peripheral nerve 
injury depends on the hyperexcitability of neu- 
rons in the dorsal horn of the spinal cord (/8). At 
least five paths seem to exist that can lead to 
microglial activation in neuropathic nociceptive 
states, and the relevant molecular pathways in- 
clude fractalkine, interferon-y, monocyte chemo- 
attractant protem—1, TLR4, and P2X4 as the 
main signaling mediator and/or receptor (/7). In 
addition, microglial P2X7Rs and their downstream 
signaling pathways play a pivotal role in the in- 
duction of spinal long-term potentiation (LTP) 
and persistent pain induced by tetanic stimula- 
tion, which produces LTP of C-fiber—evoked field 
potentials in the spinal cord (/9). Activation of 
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Fig. 1. Schematic drawing showing the microglial activation cascade and 
associated phenotypic plasticity [modified from (7)]. (A) Ramified “rest- 
ing” microglia (arrows) in the normal rat facial nucleus labeled with the 
use of the OX-42 monoclonal antibody, which recognizes the rat equiv- 
alent of human CD11b, the iC3b complement receptor. (B) Activated 
microglia (arrows), still ramified but with stouter cell processes 24 hours 
after facial nerve axotomy. (C) OX-42 immunoreactive perineuronal mi- 
croglial cell (large arrow) and microglial processes (small arrows) ap- 
posed to a regenerating facial motor neuron (n) 4 days post axotomy [(A 
to C) taken from figures 1 and 2 of Graeber et al. (4)]. (D) Image from 


day 4 after facial nerve axotomy, a microglial cell process (m) on the 
surface of a regenerating facial motoneuron (n). Two short pseudopods (p) 
can be seen arising from the microglial cell process embracing a displaced 
axonal terminal [a, yellow; from figure 5 of Blinzinger and Kreutzberg 
(28)]. (E) Macrophages can develop from activated microglia, but this 
transformation is tightly controlled in vivo; that is, there is a substantial 
threshold that needs to be overcome [symbolized in (F)]. OX-42 labeling 
of phagocytic facial nucleus microglia (larger arrows) [taken from figure 2 
of Graeber et al. (53)]. Scale bar: 50 «um in (A), (B), and (E); 30 wm in (C); 
2 um in (D). 


microglia in the trigeminal subnucleus caudalis has 
been implicated in the central mechanisms of pain 
associated with dental inflammation (20), and mi- 
croglial activation has also been observed in the hy- 
pothalamic paraventricular nucleus after myocardial 
infarction (2/). There is an intimate association be- 
tween the spinal microglia-expressed P2X7R and 
the development of morphine tolerance (22). 
The microglial involvement in pain mecha- 
nisms may be viewed as an extension of the mi- 


croglial sensor function in pathologically altered 
tissue. Microglia appear to respond to internal and 
external threats to the entire body that are related 
but not always limited to the relevant neuronal 
projection area. Chronic stress increases the num- 
ber of microglia in certain stress-sensitive brain 
regions (23). Collectively, microglial cells func- 
tion as guardians of the brain and spinal cord, 
acting not only as a tissue alarm system but also 
exerting defense, as well as repair functions (24). 


Strongly activated microglia are capable of pro- 
ducing a broad spectrum of responses to stimuli in 
the same way as shown for peripheral macro- 
phages (5). However, microglia that react to noci- 
ceptive stimuli are not necessarily inflammatory 
cells. Immune mediators can be produced by mi- 
croglia under various conditions. Therefore, cau- 
tion has to be exercised when interpreting this 
finding as microglial “inflammation.” Increasing 
evidence suggests that many immune proteins 
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have brain-specific functions during development 
and synaptic plasticity (25). 


Electricians in the Brain: Microglia Help 
to Maintain the Integrity of Synapses 


In healthy CNS and in the vast majority of known 
CNS diseases, microglia do not present as mac- 
rophages. Therefore, their day-to-day function is 
different. Interestingly, nonphagocytic activated 
microglia also show an affinity 
for neuronal membranes. The ini- 
tial evidence for this behavior 
came from studies by Nissl on 
the relation between nerve cell 
diseases and glial appearances in 
the cortex in different psychoses 
(26). His report on “strung-out, 
often infinitely long, extremely 
slim glial cells” that “may cross 
the entire layer of the large py- 
ramidal neurons” represents the 
first description of microglia that 
were discovered in their acti- 
vated state. Microglial rod cells 
typically align with apical den- 
drites, often extending to adja- 
cent neuronal surfaces and even 
wrapping somatic membranes 
(Fig. 3). Clinically, cortical rod 
cells are associated with an acute- 
ly dementing process that appears 
to be reversible, in principle, as 
demonstrated by the successful 
treatment of patients suffering 
from early stages of general paral- 
ysis of the insane. Most contempo- 
rary researchers will be unfamiliar 
with microglial rods, because 
neurosyphilis has become very 
rare in developed countries. How- 
ever, general paralysis of the 
insane affected roughly 1 in 10 
hospitalized psychiatric patients 
in Alois Alzheimer’s time, and 
he wrote his habilitation thesis 
on this topic. Other well-known 
acute psychopathologies associ- 
ated with microglial rod cells are 
lead encephalopathy, subacute 
sclerosing panencephalitis (SSPE), 
and various forms of viral enceph- 
alitis, including HIV-1. The viral- 
ly induced fusion of microglia to 
neurons has been demonstrated 
in an experimental model. The au- 
thors argue that the consistent 
location of the fusion to apical 
dendrites and the lack of fusion 
to other neural cell types, both in 
vitro and in vivo, suggest a unique 
interaction that may exist between 
microglia and the dendrites of 
neurons (27). These dendrites are 


normally covered with afferent axon terminals. 
The displacement of synaptic terminals by microg- 
lial cells was first reported in the context of motor 
neuron regeneration in the brain stem (Fig. 1D) 
(28), but synaptic stripping also takes place in the 
cerebral cortex (29), and it probably occurs in the 
human brain as well (30). 

Microglia are not electrotonically coupled 
like neuroglial cells. This biophysical indepen- 


dence probably allows microglia to stay outside 
the normal activity of neural circuits, enabling them 
to support the maintenance of synaptic connec- 
tions analogous to electricians. An electrician 
maintains and installs electrical equipment but 
does not form part of the actual circuitry. In line 
with this idea, Wake et al. have proposed that 
microglia vigilantly monitor and respond to 
the functional state of synapses (/0). This work 


Fig. 2. [**C](R)-PK11195 positron emission tomography images of a patient with predominantly left-hemispheric fronto- 
temporal lobar dementia (age, 69 years; disease duration, 3 years) (B, E, H) coregistered to the same patient's magnetic 
resonance imaging scans (A, D, G). The red in the volume-render magnetic resonance imaging scans (C, F, I) indicates areas 
of substantial atrophy. These areas overlap with the regional pattern of increased [**C](R)-PK11195 signal. At the bottom 
of the image, the color bar denotes [7C](R)-PK11195 binding potential values between 0 and 1. The images are shown in 
radiological convention; that is, the left side of the image is the right of the patient, indicated by R. (F) Top-down view onto 
the cortex with the right side of the image also being the right of the patient. (G and H) Sagittal sections through the left 
hemisphere. [Courtesy of R. B. Banati, Sydney (54)] 
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demonstrates that microglia sense 
defunct synapses and eliminate them, 
a finding that is highly reminiscent 
of the posttraumatic synaptic strip- 
ping that affects motoneurons, as re- 
ported by Blinzinger and Kreutzberg 
more than 40 years ago (28). Inter- 
estingly, the classical complement cas- 
cade has been suggested to mediate 
the elimination of synapses in the CNS 
(31), and microglia involved in syn- 
aptic stripping strongly up-regulate 
complement receptors (4). However, 
there is no visible phagocytosis of 
axon terminals by microglia in either 
model (/0, 28), rendering retraction 
of the unused axon terminals a possi- 
bility. All resting microglia express 
complement receptor 3 (CD11b) (2/), 
but additional pathways are likely to 
be involved in microglia-synaptic 
interactions. Microglial cells may also 
control synaptogenesis. This is sug- 
gested by the observation that a muta- 
tion in KARAP/DAP12, a key protein 
of microglial activation, influences 
synaptic functions in the hippocampus, 
as well as synaptic protein content 
(32). Moreover, it has been demon- 
strated that microglial brain-derived 
neurotrophic factor directly regulates 
synaptic properties in the spinal cord 
U8, 32). 


“won 


F 


Fig. 3. Microglial rod cells expressing MHC class II molecules in a case of SSPE (A) and rod cells (B), as depicted by 
Spielmeyer (55). The arrow in (A) points to a single rod cell. “n” denotes a pyramidal neuron that is tightly wrapped by 
microglial cell processes; “III” and “V" indicate cortical layers. Human cerebral cortex is labeled with the use of the 
CR3/43 monoclonal antibody that recognizes the beta-chain of HLA-DR, DQ, and DP. Microglial rod cells arguably 
represent the most intriguing microglial phenotype, because they are typically found in the cerebral cortex in as- 
sociation with cognitive symptoms; they show a great affinity for neuronal surfaces and, notably, dendrites; they are 


not normally phagocytic; they adjust their shape to an extreme extent; and they represent the longest known but least 


Diseases That Make Microglia Sick 


Neurodegenerative diseases are com- 

mon and are caused by primary dysfunction and 
subsequent death of nerve cells. There are com- 
pelling reasons to complement this concept with 
that of primary gliodegeneration. This terminology 
is clearly preferable over “non—cell-autonomous 
degeneration,” because the latter needs to be dis- 
tinguished from glial non—cell-autonomous ef- 
fects on neurons (that is, glial gain-of-function 
mutations that are toxic on nerve cells). Microglial 
non-cell-autonomous effects on neurons have been 
reported in a number of conditions. Microglial 
gain-of-function mutations: Mutant mSOD1G93A 
(where G93A is Gly” — Ala®*) microglia are 
cytotoxic (33), a phenomenon long known from 
virus-infected mononuclear phagocytes that se- 
crete neurotoxins when infected with HIV-1. Rett 
syndrome microglia damage dendrites and syn- 
apses by the elevated release of glutamate (34). 
However, microglial loss of function (“insuffi- 
ciency”) also occurs. An example of microglial 
loss-of-function mutations can be found in Nasu- 
Hakola disease, which is a cognitive disorder 
caused by a primary defect of CNS microglia 
(35). It is due to a mutation in the DAP/2 or 
TREM2 gene (36). The adaptor protein DAP 12 is 
critical for the activity of mononuclear phago- 
cytes. DAP12-mutant mice and humans show 


investigated microglial phenotype. Scale bar: 60 um. 


dysfunction of osteoclasts and microglia, as well 
as bone and brain abnormalities (37). Otero et al. 
(37) found substantially fewer microglia in the 
basal ganglia and the spinal cord of older DAP 12- 
deficient mice, and those detectable showed ex- 
tensive cytoplasmic fragmentation (cytorrhexis) 
and nuclear condensation characteristic of mi- 
croglial degeneration and apoptotic cell death. 
Microglia are also affected in Creutzfeldt-Jakob 
disease (Fig. 4A), a noninfectious but transmis- 
sible condition, which may explain the failure to 
detect microglial involvement in the synaptic loss 
observed in prion disease (38). Thus, primary as 
well as secondary microgliopathic states have to 
be considered an alternative to “microglial activa- 
tion” when phenotypic changes of microglia in 
pathological tissue are analyzed. 


Is the Only Bad Microglial Cell a Dead 
Microglial Cell? 


Microglia can kill exogenous pathogens. They are 
the cellular defense system of the brain and the 
spinal cord. Microglia also play a role in develop- 
mental neuronal death: for example, in the hippo- 
campus, which requires the microglial CD11b 
integrin and the DAP12 immunoreceptor (39). 
Diseased microglia can turn into aggressors, as 


mentioned earlier, but the fact that microglial in- 
sufficiency itself causes disease provides a strong 
argument in favor of normal microglia being neces- 
sary and exerting a neurosupportive, rather than a 
neurotoxic, effect by default. Lack of preservation 
of tissue structure is an important determinant for 
the formation of microglia-derived macrophages. 
If there is extensive cellular damage or tissue ne- 
crosis, only phagocytic microglia/macrophages 
can be found. However, as the example of the mi- 
croglial rod cell shows, the interaction of activated 
microglia with nerve cells does not automatically 
result in killing and phagocytosis. This sparing of 
neurons by reactive microglia also argues against 
the view that microglial cells are a threat to nerve 
cells as soon as they become activated. Indeed, 
synaptic stripping is associated with regeneration 
of motor neurons (28) and probably serves a 
protective function in the inflamed cerebral cor- 
tex (29). Therefore, the catchphrase statement that 
the only bad microglial cell is a dead microglial 
cell (24) appears justified in principle. For in- 
stance, in Alzheimer’s disease, dystrophic (senes- 
cent), rather than activated, microglial cells are 
associated with tau pathology and likely precede 
neurodegeneration (Fig. 4C) (40). The emphasis 
in the literature on microglial neurotoxic prop- 
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erties seems arbitrary and more re- 
lated to the high prevalence of 
Alzheimer’s and Parkinson’s dis- 
eases than actual pathophysiological 
evidence confirming that microglia 
pose a threat to neurons in vivo. It 
only adds to the confusion surround- 
ing microglial neurotoxicity that the 
claim is often made in conjunction 
with the proposal that the expression 
of molecules that are of immunolog- 
ical importance in peripheral organs 
constitutes evidence of microglial 
“inflammation,” in the absence of 
cells of the peripheral immune sys- 
tem. Current data support the idea 
that inflammatory mediators, which 
enhance the phenotypic and immu- 
nological activation of glia, do not 
promote AB accumulation but limit 
AB deposition (4/). Therefore, we 
agree that the loss of microglial nor- 
mal functions is sufficient to explain 
a range of disease conditions with- 
out the need to interpret microglial 
expression of immune molecules as 
evidence of inflammation. 


Abnormal Behavior Caused by 
Mutant Microglia 


Hoxb8 mutant mice show behavior 
reminiscent of humans with the 
obsessive-compulsive disorder trich- 
otillomania (that is, these mice com- 
pulsively remove their hair). In these 
animals, the behavioral disorder is 
associated with mutant microglia 
(42). However, only a subpopulation 
of microglia that originate post- 
natally in the bone marrow and pre- 
dominantly populate brain regions 
relevant to the syntactic groom chain 
(such as the cortex, striatum, and 
brainstem) are affected. This anatom- 
ical selectivity seems surprising at 
first but is not unheard of in relation 
to microglia: Although osteoclasts 
and spleen macrophages are entirely 
dependent on macrophage colony- 
stimulating factor (M-CSF), microg- 
lia require M-CSF only in specific 
areas of the CNS, and DAP12 de- 
ficiency exclusively affects microg- 
lia in restricted locations in the CNS, 
such as the basal ganglia and spinal 
cord (37). It is also worth noting 
that microglia display brain region— 
specific functional diversity (43). 
The Hoxb8 study is of major im- 
portance, because it directly links 
functional insufficiency of bone 
marrow-derived microglia to ab- 
normal behavior. 
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Braak stage | Braak stage 0 


Braak stage III 


Fig. 4. (A) MHC class II immunoreactive “sick” microglial cell severely affected by spongiform change in Creutzfeldt- 
Jakob disease. The arrows point to large vacuoles that have destroyed the normal structure of the microglial cell 
processes. Scale bar: 10 um. [Reproduced with permission from the Journal of Neuropathology and Experimental 
Neurology (56)] (B) Rio-Hortega’s drawing of a microglial cell (57). There are no vacuoles in normal state 
[compare with (A)], nor is there any fragmentation of cell processes [compare with (C)]. (C) Microglial fragmen- 
tation precedes the spread of tau pathology in the temporal lobe of Alzheimer’s patients. Double-label immu- 
nohistochemistry for microglia (iba1) and tau (AT8) is shown in three subjects with tau pathology increasing from 
Braak stage 0 to stage III. Camera lucida drawings of the actual sections are shown in (c), (f), and (i), indicating the 
uncus for orientation purposes, as well as both sampling areas in the entorhinal cortex (EC) and the middle temporal 
gyrus (MTG); areas of tau pathology are shaded orange. Representative micrographs of the EC (a, d, g) and MTG (b, e, 
h) reveal microglia (brown) and tau pathology (black) at the different stages. Normal ramified microglia are evident 
at stage 0 in both EC and MIG in the absence of tau pathology (a, b). Mostly fragmented microglia are seen in 
association with a neurofibrillary tangle and neuropil threads in (d), whereas mostly ramified and only a single 
fragmented cell (arrow) are present in (e) during stage |. Severe microglial fragmentation and loss of discernable cell 
shape are colocalized with extensive tau pathology in (g); microglial processes are fragmented also in (h) in the 
absence of neurodegeneration, but cells retain recognizable contours. Scale bar: 50 um (a, b, d, e, g, h). [Reproduced 
from (40) with permission] 
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Microglia may be involved in other psychi- 
atric conditions. For instance, there is evidence 
for activation of microglia in the brains of pa- 
tients with schizophrenia and affective disor- 
ders (44). It has been suggested that schizophrenia 
is a disease that develops because of derange- 
ments to human-specific CNS functions that have 
emerged since our species diverged from non- 
human primates (45). The sialic acid-recognizing 
immunoglobulin-superfamily lectin SIGLEC11— 
which is expressed in human, but not in chim- 
panzee, brain microglia (/3)—was mentioned 
above. The neural cell adhesion molecule (NCAM) 
is the predominant carrier of «2,8-polysialic acid 
(PSA) in the mammalian brain, and abnormal- 
ities in PSA and NCAM expression are asso- 
ciated with schizophrenia in humans and cause 
deficits in hippocampal synaptic plasticity and 
contextual fear conditioning in mice (46). 


A Future for Self-Donated Bone 
Marrow—Derived Microglia 


Although there are still questions today in re- 
gard to the number of microglial subpopulations 
in the CNS, it was demonstrated conclusively 
about a decade ago that ramified CNS microglia 
can derive from bone marrow precursors, even 
in adults (47). This finding immediately sug- 
gested possible new therapeutic avenues, and 
there are now reports on the successful treat- 
ment of CNS diseases by means of bone marrow 
transplantation. For instance, lentivirus-mediated 
gene therapy of hematopoietic stem cells has 
been used with great success in two 7-year-old 
boys suffering from a rare and fatal brain de- 
myelinating disease (48). The ex vivo genetically 
modified cells were able to reach the CNS and 
stopped the progressive cerebral demyelination 
in the two patients, demonstrating the power of 
such cellular therapy for brain diseases. The 
Hoxb8 mutant microglia study (42) demonstrates 
that transplantation of normal bone marrow can 
efficiently rescue the Hoxb8 mutant grooming 
phenotypes, including restoration of hairless 
patches, healing of open lesions, and reduction 
of excessive grooming times back to normal. 
Bone marrow-derived cells further contribute to 
the recruitment of microglial cells in response to 
B-amyloid deposition in APP/PS1 double trans- 
genic Alzheimer’s mice (49), and it has been 
suggested that bone marrow-derived microglia 
play a critical role in restricting senile plaque for- 
mation in Alzheimer’s disease (50). Infiltration 
of bone marrow-derived microglia in high-grade 
gliomas (2, /2) is also of potential therapeutic 
importance. Consequently, autologous bone 
marrow-derived microglia have developed into 


an attractive target for genetic modification al- 
though there are a number of technical issues that 
still need to be addressed (5/). 


Conclusions 


Microglia have come a long way within 20 years, 
from their existence being questioned (/) to pro- 
viding a potentially very elegant handle on the 
treatment of higher brain-functional defects (42). 
Yet there are still many white spots on the mi- 
croglia map: One is the precise extent of microglial 
turnover in humans (52). Trafficking of microglia 
precursors across the blood-brain barrier could 
cause brain dysfunction associated with systemic 
infection. When we feel unwell during a bout 
of fever, are microglial cell processes becoming 
wobbly in the brain, weakening their potentially 
stabilizing effect on neural circuits? Clearly, mi- 
croglial involvement in synaptic plasticity should 
become a focus of research. Whether bone marrow— 
derived microglia (for example, in the brain of 
Hoxb8-animals) fuse with neurons is unknown, 
but fusion of macrophages is not a rare event. Glial 
cells are now accepted to provide more to neurons 
than mere structural and nutritional support, but 
genetically modified bone marrow-derived mi- 
croglia precursors could provide a unique route of 
entry into the CNS. Genetically enhanced (that 
is, reprogrammed) microglia might revolutionize 
the treatment of CNS diseases, one step short of 
synthetic biology. Thus, the current focus on mi- 
croglial inflammation as a cause of neurodegen- 
eration appears misplaced. 
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Electron-Like Scattering of Positronium 


S. J. Brawley, S. Armitage,* J. Beale,t D. E. Leslie, A. I. Williams, G. Laricchia§ 


ccording to our current understanding of 
As every charged particle has an an- 

timatter counterpart of the same mass but 
opposite charge with which it may annihilate. 
The antimatter counterpart to the electron is the 
positron. Its interaction with matter is used to 
shed light onto fundamental physics, probe ma- 
terial defects, and perform dynamic imaging of 
metabolic pathways through positron emission 
tomography (PET). 

In many positron collisions with matter, pos- 
itronium (Ps), a hydrogen-like atom of an elec- 
tron and positron, is formed. For example, over 
80% of all annihilation y-rays produced in PET 
scans (/), and 90% of those emanating from the 
center of our galaxy (2), arise from Ps decay. Its 
lifetime is millions of times longer than typical 
atomic scattering times, so Ps has ample time to 
interact with matter once formed; however, 
information on its scattering properties remains 
scarce, and full theoretical descriptions are be- 
yond reach for all but the simplest targets (i.e., 
H and He). 

We have found that the Ps total cross sec- 
tion (a measure of its overall interaction prob- 
ability) is unexpectedly close to that of a bare 
electron moving at the same velocity, despite 
Ps being neutral and having twice the mass 
(Fig. 1 and fig. S1). 

Before this work, Ps had been expected to 
scatter rather differently from the electron. The 
coincidence of the centers of mass and charge in 
Ps has been expected to give rise to a negligible 
static interaction (that with an undistorted target), 


and its neutrality thought to result in a much 
weaker and shorter ranged van der Waals force 
(the attraction to another neutral polarizable sys- 
tem such as an atom or molecule). Hence, the 
short-range distortions arising from electron ex- 
change between Ps and the target have been 
thought to be of greater consequence than for 
electrons [e.g., (3)]. 

Total cross sections for the electron and Ps are 
plotted in Fig. 1, and the similarity is evident 
throughout the velocity range investigated (0.5 to 
2.0 au. where 1 au. ~ 2190 kms ') and for a 
wide variety of atomic and molecular targets (He, 
Ne, Ar, Kr, Xe, Hb, Nb, Oo, H,0, and SFe). No 
drastic deviations of the Ps cross section from its 
electron counterpart have been observed, even 
when approaching velocities where phenomena 
very sensitive to the details of the interaction oc- 
cur in the case of electrons (namely, shape res- 
onances and Ramsauer-Townsend minima). Shape 
resonances, not yet observed for positrons but 
exemplified by the peaks in the electron data 
below 1.0 a.u. for N> and SF¢ (Fig. 1), arise from 
the temporary attachment of the projectile to the 
target. Ramsauer-Townsend minima take place 
when the scattered electron wave function is 
pulled sufficiently by the target as to make it “in 
step” with the incident wave so that, at certain 
velocities, the target appears transparent (e.g., the 
minimum in the electron measurements for Kr in 
Fig. 1). Whether these phenomena occur for a Ps 
impact remains to be established. 

Also shown in Fig. 1 are available theories for 
Ps scattering. Calculations for He, performed via 
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close-coupling methods, are in fair agreement 
with experiment at intermediate velocities. As to 
the source of this electron-like behavior, some 
clues may come from theoretical investigations of 
Ps breakup on He. A Monte Carlo calculation (4) 
suggested that the polarization of the Ps by the 
screened Coulomb field of the nucleus may result 
in the electron being closer on average than the 
positron. An impulse approximation (5), which 
agrees well with experiment, used a coherent sum 
of the separate scattering amplitudes of the 
positron and electron in the Ps. The present re- 
sults would then suggest that the positron scat- 
tering amplitude is significantly smaller than that 
of the electron. Further experimental and theoret- 
ical activities are eagerly anticipated. 

In the meantime, we propose that recourse be 
made to the extensive database available for elec- 
tron scattering for initial estimates of the magni- 
tude of Ps total cross sections in, for example, 
positron-propagation calculations, whether in the 
interstellar medium (2) or for accurate dosimetry 
in PET (/). Given the role of low-energy reso- 
nances by secondary electrons to radiation dam- 
age in biological tissue (6), the ramifications of 
the present results might be far-reaching. 
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Fig. 1. Total cross sections for various targets, illustrating the electron-like behavior of Ps. The present (©) 
and previous (©) (7) experimental results for Ps are compared with experimental positron (blue) (8) and 
electron data (red) (8) and available Ps theory (black lines): He, solid and dashed lines (3, 9); Kr, solid line 
(10). The legend applies to all graphs. Error bars indicate SEM. 
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Channel-Mediated Tonic GABA 


Release from Glia 


Soojung Lee,?* Bo-Eun Yoon,”’>* Ken Berglund,? Soo-Jin Oh,”? Hyungju Park,* 
Hee-Sup Shin,” George J. Augustine,”>* C. Justin Lee*?>+ 


Synaptic inhibition is based on both tonic and phasic release of the inhibitory transmitter 
y-aminobutyric acid (GABA). Although phasic GABA release arises from Ca**-dependent 
exocytosis from neurons, the mechanism of tonic GABA release is unclear. Here we report that 
tonic inhibition in the cerebellum is due to GABA being released from glial cells by permeation 
through the Bestrophin 1 (Best1) anion channel. We demonstrate that GABA directly permeates 
through Best1 to yield GABA release and that tonic inhibition is eliminated by silencing of 
Best1. Glial cells express both GABA and Best1, and selective expression of Best1 in glial cells, 
after preventing general expression of Best1, fully rescues tonic inhibition. Our results 

identify a molecular mechanism for tonic inhibition and establish a role for interactions 
between glia and neurons in mediating tonic inhibition. 


tonic form of synaptic inhibition that causes 
Asses activation of y-aminobutyric 
acid (GABA) receptors in neurons (/) oc- 
curs throughout the central nervous system (2-4). 
Because of its sustained nature, tonic inhibition 
dominates over conventional (phasic) synaptic in- 
hibition in controlling neuronal excitability (/). 
Therefore, tonic inhibition plays an important role 
in neuronal information processing (5) and has 
been implicated in epilepsy, sleep, memory, and 
cognition (6-8). The mechanism underlying the 
tonic release of GABA and the source of this 
GABA are poorly understood. We have addressed 
this question in cerebellar granule cells, which are 
powerfully restrained by tonic inhibition resulting 
from GABA released via an unconventional mech- 
anism that is independent of action potentials and 
does not require vesicular exocytosis (9, 10). 
We hypothesized that tonic inhibition is me- 
diated by GABA permeating through an anion 
channel, Best1 (//), previously implicated in glu- 
tamate release from astrocytes (/2). Best1 has sev- 
eral features that make it attractive as a hypothetical 
mediator of tonic GABA release. Bestl is an anion 
channel that is activated by intracellular Ca*" and 
by changes in cell volume, though it is tonically 
active even at resting Ca”" levels and at normal 
cell volume. Best! has unique permeability prop- 
erties among anion channels, with a significant 
permeability to HCO; (Puco3/Pc = 0.44) (3) 
and a much higher permeability to large anions, 
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such as SCN , than to Cl (/4). This channel is 
even permeable to gluconate (Petuconate/Pci = 0.4) 
(74) and to the neurotransmitter, glutamate (/2). 
Thus, Best] might be permeable to GABA and 
thereby mediate tonic GABA release. 

Best1 is a GABA-permeable channel. We first 
determined the permeability of Best! to GABA 
(15). Bestl channels were expressed in human 
embryonic kidney—293 (HEK293T) cells, and 
whole-cell patch-clamp measurements were used 
to determine the reversal potential of the resulting 
ionic currents. Best! channels were maximally 
activated by high (~4.5 1M) free Ca”" solution 
dialyzed into the cell upon establishment of the 
whole-cell configuration. The voltage dependence 
of currents flowing through Best! was determined 
as illustrated in Fig. 1A (black trace). The reversal 
potential of the Best1-mediated current was +2.9 + 
4.4 mV (n=5), which closely matched the equi- 
librium potential of +1 mV predicted for CI. 
This indicates a current carried by CI under these 
conditions. This current was not observed in the 
presence of an anion channel blocker, 5-nitro-2- 
(3-phenylpropylamino)benzoic acid (NPPB), and 
was very small in the complete absence of internal 
Ca** (Fig. 1, A and B). Two lines of evidence 
indicate that this current is caused by Best1. First, 
currents were absent in cells that were not trans- 
fected with Bestl (fig. S1). Second, making a 
tryptophan-to-cysteine residue mutation (W93C) 
in Bestl that is known to block the pore of the 
Best2 anion channel (/6) eliminated all Ca’*- 
activated current (Fig. 1, A and B). Thus, Best1 
behaves as an anion channel, consistent with 
previous conclusions (/7). 

The GABA permeability of the Best1 channel 
was examined by replacing CI in the intracel- 
lular solution with GABA (Fig. 1C). The reversal 
potential of the current varied with intracellular 
GABA concentration (Fig. 1D). These shifts in re- 
versal potential indicate that the GABA permeabil- 
ity of Best! is substantial, although less than that of 


Cl. At an intracellular GABA concentration of 


120 mM, the permeability of GABA relative to Cl” 
(PGapa/Pc)) was 0.27. Even though GABA is pre- 
dominantly zwitterionic, the amount of GABA in 
anionic form is sufficient to carry considerable 
current, as indicated by current flow when GABA 
is the only permeant species (fig. S1). 

Next, the Ca”* dependence of the GABA flux 
was examined by measuring current (at -80 mV) 
produced by various intracellular Ca’* concen- 
trations (Fig. 1E). The half-maximal Ca”* concen- 
tration was calculated to be 150 nM with a Hill 
coefficient of 1.4 (Fig. IF). Thus, GABA efflux is 
substantial even at basal cytosolic Ca’* levels of 
about 100 nM (/8). The reversal potential of this 
current was identical at all intracellular Ca?* 
concentrations, which indicated that GABA per- 
meability is unaffected by Ca** (/8). 

To determine whether such GABA efflux 
through Best1 can be detected by a neighboring 
cell, we developed a two-cell biosensor micro- 
assay. GABA released through Best! channels 
expressed in one HEK293T cell was detected via 
a second HEK293T cell that expressed GABA 
subtype C (GABAC) receptors (Fig. 2A). Unlike 
the heteromeric GABA, receptors that mediate 
tonic inhibition in hippocampus and cerebellum 
(19), the GABAc receptor that mediates tonic 
inhibition in the retina (20) forms homomeric 
channels after expression of only a single subunit 
(21). GABAc receptors have a high affinity for 
GABA (22) and slow desensitization kinetics (23), 
which facilitate detection of tonic GABA release 
(20). The internal solution for cells expressing Best! 
contained 3 or 140 mM GABA, and Best] was ac- 
tivated by Ca’ concentrations of 100 nM or 4.5 uM. 

We confirmed that Bestl displayed a signif- 
icant permeability to GABA (Fig. 2B, top trace), 
indicated by an inward current flow at —80 mV, 
and that this current was associated with release 
of GABA onto the sensor cell (Fig. 2B, bottom 
trace). GABA release depended on permeation 
through Bestl, because it was absent in con- 
ditions that block Best1, such as NPPB treatment 
and the W93C mutation (Fig. 2, C and D). To quan- 
tify the amount of GABA release, we normalized the 
response to the maximal current produced by bath 
application of 100 uM GABA (Fig. 2B, inset). With 
this approach we could compare GABA release 
under a variety of conditions (Fig. 2E) and reach a 
number of conclusions. First, GABA release was 
very small when Best was not expressed and could 
not be detected from cells expressing the W93C 
mutation. Second, GABA release was evident even 
at resting intracellular Ca** concentration (100 nM) 
and could be detected when intracellular GABA 
concentration was as low as 3 mM. At high intra- 
cellular concentrations of Ca’* (4.5 uM) and GABA 
(140 mM), the amount of GABA released was 
so large that it nearly saturated (80% maximal) 
GABA receptors on the sensor cells. Third, GABA 
release was completely abolished by the anion 
channel blockers NPPB and niflumic acid (NFA); 
this was not due to a direct action of these com- 
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Fig. 1. Best1 is a GABA-permeable anion channel. (A) Relations between 
membrane potential (voltage) and mean current density measured in HEK293T 
cells expressing Best1 in the absence (0 Ca**, n = 5) and presence of Ca2* (~4.5 
uM, n = 5). Current density was greatly reduced by expressing Best1 with a 
channel pore mutation, Best1-W93C (Best1*, n = 5), or by treatment with the 
anion channel blocker NPPB (100 1M, n = 6). Inset shows the protocol used to 
measure the relations between current (black) and voltage (red); in all cases 
intracellular CC” concentration was 154 mM. (B) Summary of mean current 
density measured at —-80 mV for each condition in (A). Throughout this research 
article, numerical values indicate means + SEM unless otherwise indicated. 
Asterisks above bars indicate a significant difference determined by unpaired 
two-tailed t test (P < 0.01). (C) Voltage dependence of Best1 current in 


“ {Ca}, (uM) 


HEK293T cells (~4.5 uM intracellular Ca*) at the indicated intracellular GABA 
concentrations. In all cases, GABA was substituted for Cl, and each current trace 
was normalized to the current measured at +100 mV. (D) Dependence of 
current reversal potential (E,.,) on intracellular GABA concentration (n = 7 to 14 
for each point). Continuous curves are E,., predicted by the Goldman-Hodgkin- 
Katz equation when GABA is as permeable as Cl” (Pgqga/Pq, = 1) and when 
GABA is not permeable at all (Pgaga/Pc, = 0). (E) Relations between membrane 
potential and mean current density measured in HEK293T cells at the indicated 
intracellular Ca2* concentrations (n = 5 to 7). Intracellular solution also 
contained 140 mM GABA. (F) Mean current densities recorded at -80 mV at 
different intracellular Ca2* concentrations. Continuous curve indicates a fit of 
the Hill equation with an ECs> of 150 nM and a Hill coefficient of 1.4. 
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bath application of GABA (100 1M) (inset) so that the response to released GABA could be 


normalized according to the number of GABA receptors expressed in the sensor cell. Time- 
dependent reductions in sensor cell currents are due to desensitization of GABA receptors. (C) GABA release was blocked by NPPB (100 uM). (D) No GABA release 
was observed when the source cell expressed the pore mutant Best1-W93C. (E) GABA release measured in the indicated conditions, with values normalized as 
described above. NPPB and NFA were applied at 100 ,M. SK1 is small conductance Ca**-activated K* channel. ANO1 is a recently characterized Ca**-activated 
chloride channel. Numbers indicate the number of replicates in each condition, and asterisk indicates a significant difference (P < 0.05). 
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pounds on GABAc receptors (fig. S10, a and b). 
Finally, GABA release could not be reconstituted by 
expression of other Ca’*-activated channels, such 
as the anion channel Anol (or TMEM-16A) or the 
potassium channel SK1 (Fig. 2E, and fig. S2) (24). 

Best1 mediates tonic GABA release in cer- 
ebellum. We next asked whether treatments 
that interfere with Best1 function reduce tonic 
inhibition of cerebellar granule cells. We first used 
whole-cell patch-clamp recordings to measure the 
sustained CI current associated with tonic inhibi- 
tion (9) (Fig. 3A). Treatment of granule cells with 
the GABA, receptor antagonist, GABAzine 
(SR95531 or SR; 10 uM), shifted this current by 
35.7 + 4.1 pA (n = 8), presumably by blocking 
GABA, receptors activated by tonic GABA re- 
lease (9). Treatment with NPPB also reduced the 
tonic current by 19.0 + 2.5 pA (n = 8). This 
blockade of tonic GABA current by NPPB was 
not due to a direct action of this compound on 
granule cell GABA, receptors (fig. S10, c and d). 
Two other anion channel blockers that block 
Bestl, NFA and 4,4’-diisothiocyanatostilbene- 
2,2'-disulfonic acid disodium salt hydrate (DIDS), 
similarly reduced tonic inhibitory currents in gran- 
ule cells (fig. S11, b and g). The degree of inhibition 


by these anion channel blockers ranged from about 
50 to 75% of the total GABAzine-sensitive current. 

To more selectively inhibit Bestl function, we 
constructed a lentivirus carrying a small hairpin— 
forming interference RNA (shRNA) targeted against 
Bestl (/2). This virus also contained DNA encod- 
ing a fluorescent marker, mCherry, that permitted 
visualization of the location and amount of viral in- 
fection. When Best1-shRNA lentivirus was injected 
into the cerebellar cortex of these mice, infected cells 
(red) were distributed widely in the molecular layer, 
as well as in the granule cell layer (Fig. 3B, top left). 
Quantification of Best] immunoreactivity (Fig. 3C) 
indicated that regions expressing Bestl-shRNA had 
significantly decreased (P < 0.003; n = 3) Bestl 
levels in comparison with nearby uninfected regions 
(Fig. 3B, top right), whereas there was no such dif- 
ference in mice injected with the control scrambled- 
shRNA (Fig. 3B, bottom right, and 3C). 

To examine the effects of Best! deletion (knock- 
down) on tonic inhibition, cerebellar slices were pre- 
pared from mice injected with either Bestl-shRNA 
or scrambled-shRNA viruses, or from uninjected 
(naive) mice. The ability of NPPB to block tonic 
current was eliminated in granule cells from mice 
injected with Bestl-shRNA and was present at con- 


Fig. 3. Tonic GABA current was reduced by attenuationof A B 


Best1. (A) Representative measurement of tonic current in 
a cerebellar granule cell held at 60 mV during treatment 
with NPPB (50 uM, yellow bar) and then GABAzine (SR, 10 
uM, blue bar). Arrows indicate magnitude of tonic current 
blocked by each drug. (B) Fluorescence images of the 
granule cell layer (GCL) and the molecular layer (ML) in a 
histological section from a cerebellum injected with 
lentiviruses transducing either Best1-shRNA (top) or 
scrambled RNA (bottom). The viruses also transduced the 
fluorescent protein mCherry (left), to indicate infected 
cells. shRNA treatment reduced Best1 immunoreactivity 
(right) in the Besti-shRNA infected area but not in the 
area infected with scrambled shRNA. (C) Efficiency of 
Best1 knockdown by scrambled shRNA (Scram) and Best1 
shRNA (B1-shRNA). Immunoreactivity was normalized to 
fluorescence values measured in uninfected regions. (D) 
Magnitude of NPPB-sensitive tonic current recorded in 
granule cells treated as indicated. (E) Magnitude of SR- 
sensitive tonic current recorded in the same conditions. (F) 
Clomeleon fluorescence in cerebellar slice from CLM1 
transgenic mouse. [CI]; was measured in granule cell layer 
(GCL, red) and parallel fibers (PF, green). (G) Time course of 
[ct]; changes reported by Clomeleon during SR application 
in GCL (red) and PF (green). Clomeleon transgenic mice 
were injected with either scrambled shRNA (top traces) or 
Best1-shRNA (bottom traces). (H) SR-sensitive changes in 
[ct]; measured in the indicated conditions. Asterisks 
indicate a significant difference determined by unpaired 
two-tailed t test (*P < 0.05,** P < 0.01,*** P< 0.001), while 
ns indicates a nonsignificant difference (P > 0.05). 
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trol levels (naive) in granule cells from mice injected 
with scrambled-shRNA (Fig. 3D). Likewise, the 
total GABAzine-sensitive tonic current was signif 
icantly decreased in granule cells from mice injected 
with Bestl-shRNA lentivirus, relative to cells from 
naive mice or mice injected with scrambled-shRNA 
virus (Fig. 3E). Total GABAzine-sensitive tonic cur- 
rent was reduced by ~75% by Best! knockdown 
(Fig. 3E), consistent with the results obtained with 
channel-blocking drugs. The source of the remain- 
ing tonic inhibition requires further investigation. 

We next visualized the spatial extent of tonic 
inhibition by using the optogenetic indicator, 
Clomeleon (25), to image Cl” fluxes associated 
with tonic inhibition of granule cells (26). Cerebel- 
lar slices from a transgenic mouse line that ex- 
presses Clomeleon in cerebellar granule cells (Fig. 
3F) were treated with 10 uM GABAzine to block 
tonic inhibition. This treatment markedly decreased 
intracellular Cl” concentration ([CI ];) in both gran- 
ule cell bodies and their axons, parallel fibers. 
NPPB also lowered [CI ];, although the yellow 
color of this drug prevented accurate determina- 
tion of [CI ];. To evaluate the role of Best! in this 
Cl influx, we compared the GABAzine-induced 
changes in [CI ]; in slices from Clomeleon mice 
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in which either the Bestl-shRNA or the scrambled- 
shRNA viruses were injected. For both granule cell 
bodies and parallel fibers, the [CI ]; changes pro- 
duced by GABAzine were significantly decreased 
in slices from mice injected with Bestl-shRNA in 
comparison with mice injected with scrambled 
shRNA (Fig. 3G). On average, Bestl-shRNA 
treatment reduced SR-sensitive tonic inhibition 
by 60% or more (Fig. 3H), consistent with our 
electrophysiological results. 

Glial cells contain GABA and express Best1 
channel. Having identified a molecular mediator 
of tonic GABA release, we next used this in- 
formation to identify the cellular source of the 
GABA release. We used immunohistochemical 
labeling to identify cells within the cerebellum 
that contain both Bestl and GABA (Fig. 4, A and 
B, and fig. S4). The specificity of the Best! anti- 
body was confirmed by Western blot analysis 


Fig. 4. Presence of both GABA and Best1 in 
cerebellar glial cells. (A to F) Immunostaining for 
Best1 (A), GABA (B), and GFP (D) in sections from 
GFAP-GFP transgenic mice. The indicated image pairs 
are superimposed in (C), (E), and (F). Best1 and GABA 
were coexpressed in Purkinje cells (asterisk), inter- 
neurons (white arrowheads), Bergmann glia (arrows), 
and lamellar astrocytes (pale blue arrowheads), but 
not in granule cells. All GFP-positive astrocytes 
robustly expressed Best1 (E) and evinced GABA 
staining (F). (G to I) Images from the cerebellum of 
a GFAP-GFP mouse injected with Best1-shRNA 
lentivirus carrying mCherry (G). Best1 labeling (H) 
was merged with GFAP-GFP (I) (J to L) Quantification 
of Best1 expression in glia [GFP-positive pixels (J)]; in 
neurons [GFP-negative pixels (K)]; in infected and 
uninfected regions of cerebellar tissue from mice 
injected with Best1-shRNA, as well as in glia injected 
with scrambled-shRNA (L). Asterisks indicate a 
significant difference determined by unpaired two- 
tailed t test (***P < 0.001); ns indicates a 
nonsignificant difference (P > 0.05). 
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(fig. S3) (72). Bestl and GABA immunoreactivity 
colocalized in GABA-mediated Purkinje cells 
(asterisks) and interneurons (white arrowheads), 
but not in glutamatergic granule cells (Fig. 4C). 
Remarkably, both Best! and GABA apparently 
were highly expressed in Bergmann glial cells 
(arrows), a point we examined further using GFAP- 
GFP transgenic mice, which have green fluorescent 
protein (GFP)—labeled astrocytes (Fig. 4D) (27). 
In these mice, GFP-positive Bergmann glial cells 
contained both Bestl (Fig. 4E) and GABA (Fig. 
4F), even in Bergmann glial processes (Fig. 4, E 
and F, and fig. S4b) that closely interact with 
parallel fibers (28). In addition, both GABA and 
Bestl were expressed in lamellar astrocytes 
adjacent to granule cell bodies (pale blue arrow- 
heads in Fig. 4, E and F, and fig. S4a). 

We thus reexamined the effects of Bestl- 
shRNA treatment to determine which cells were 
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affected by silencing of the Bestl gene (Fig. 4, G 
to I). To distinguish between neurons and glial 
cells, we again used GFAP-GFP transgenic mice 
and analyzed Best1 expression in cells that were 
GFP-positive (glia) or GFP-negative (neurons). 
Knockdown of Best! was significant in glial cells 
(Fig. 4J) but not in neurons (Fig. 4K). This 
suggests that the U6 promoter drove shRNA 
expression more efficiently in glial cells than neu- 
rons, as reported for another promoter (29). There 
was no knockdown of Best! in glia of mice injected 
with control, scrambled-shRNA (Fig. 4L). 
Whole-cell patch-clamp recordings were used 
to determine whether Bergmann glial cells ex- 
press functional, GABA-permeable Best1 chan- 
nels. The internal solution contained either Cl or 
GABA as the predominant anions, plus 4.5 1M 
free Ca** to maximally activate Best! channels. 
A Best blocker, NPPB (50 uM), reduced a tonic 
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Fig. 5. Bergmann glia express GABA-permeable Best1 channels. (A) Current 
measured at —70 mV from a GFP-positive Bergmann glial cell in a cerebellar slice 
from a naive GFAP-GFP mouse. Intracellular solution contained ~4.5 uM Ca?* and 
150 mM CL, as well as Cs” (146 mM) to block Ca?*-dependent K* channels. 
Current was decreased by application of the anion channel blocker, NPPB (50 uM, 
bar). (B) Voltage dependence of currents, determined as in Fig. 1, measured before 
and during NPPB application. The difference between these two relations 
(subtraction) represents NPPB-sensitive current. (C) Voltage dependence of 


Fig. 6. Glia-specific rescue of Best1 restores tonic A 
inhibition. (A) Viral transduction in cerebellum of 
tamoxifen-injected hGFAP-CreERT2 mice. (Left) Ex- 
pression of mCherry, indicating virus-infected 
regions. (Middle) Best1 immunoreactivity in regions 
infected or uninfected by lentivirus. (Right) Merged 
images of mCherry, Best1, and GFP immuno- 
reactivity. Note that, in this figure, the mCherry 
signal was electronically enhanced, relative to the 
images shown in other figures, because mCherry 
expression was reduced by tamoxifen treatment. (B 
and C) Quantification of Best1 immunoreactivity in 
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NPPB-sensitive current measured when internal solution contained CC (150 
mM) or GABA (140 mM). (D) Mean amplitude of NPPB-sensitive currents measured 
at —80 mV with either CC” or GABA inside the Bergmann glial cells. (E) Voltage 
dependence of NPPB-sensitive current measured in Bergmann glia from cerebella 
injected with scrambled shRNA (Scram) or Best1-shRNA (B1-shRNA). Internal 
solution contained 140 mM GABA. (F) Mean amplitude of NPPB-sensitive currents 
measured at —80 mV for the two conditions shown in (E). Asterisk indicates a 
significant difference determined by unpaired two-tailed t test (P < 0.05). 
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current in these cells (Fig. SA). The voltage de- 
pendence of this current was determined by sub- 
tracting currents recorded during NPPB application 
from those measured before NPPB application 
(Fig. 5B). The NPPB-sensitive current measured 
with CI’ as the predominant internal anion showed 
a reversal potential of -3.4 mV (Fig. 5C), which 
was similar to the reversal potential of +1 mV 
predicted for a Cl current and similar to Bestl- 
expressing HEK293T cells (Fig. 1A). When GABA 
was the main internal anion (140 mM), the NPPB- 
sensitive current was inward at —-80 mV, which 
indicated a significant efflux of GABA at this po- 
tential (Fig. 5, C and D). By measuring the reversal 
potential, we determined that the NPPB-sensitive 
anion current had a Pgapa/Po of 0.19 (Fig. 5C), 
similar to Best1-expressing HEK293T cells (Fig. 1D). 

We further tested the function of Best! in 
Bergmann glia by examining the effect of Best1- 
shRNA treatment on these cells (fig. S8). Com- 
pared with scrambled-shRNA, treatment with 
Bestl-shRNA decreased the NPPB-sensitive con- 
ductance (the slope of the current-voltage relations) 
in Bergmann glia without changing the reversal po- 
tential (Fig. SE and fig. S8, c and d). The effect on 
NPPB-sensitive GABA efflux was quantified by 
measuring current magnitude at -30 mV: GABA 
efflux at this potential was significantly smaller in 
Bergmann glia from mice injected with Bestl- 
shRNA than with scrambled-shRNA (Fig. SF, red) 
or from naive mice (Fig. 5D, green). 

Glial Best1 is responsible for tonic GABA 
release. To determine whether tonic GABA re- 
lease is due to glial Bestl, we used a molecular 
genetic strategy (30): Bestl-shRNA was used to 
suppress Bestl expression throughout the cere- 
bellar cortex, while selectively sparing Best1 ex- 
pression in glia (30) (fig. S5). In hGFAP-CreERT2 
mice treated with Bestl-shRNA, glial Best (Fig. 6, 
A and B) and GABAzine-sensitive tonic current 
(Fig. 6D and fig. S9d) were significantly reduced, 
similar to those of wild-type mice (Fig. 3, C and 
E, and fig. S9a). However, treating the hGFAP- 
CreERT2 mice with tamoxifen before Best1-shRNA 
injection reduced mCherry expression (fig. S7), fully 
restored Bestl immunoreactivity (Fig. 6, A and C), 
and fully (P < 0.001) rescued GABAzine-sensitive 
currents to levels observed in naive animals (Fig. 
6D and fig. S9). Similarly, NPPB-sensitive tonic 
currents were reduced by shRNA and fully rescued 
in tamoxifen-treated mice (Fig. 6E). 

Discussion. We found that tonic release of the 
major inhibitory transmitter, GABA, is due to direct 
permeation of GABA through the anion channel, 
Best1, and that this release originates predominantly 
from glial cells. The mechanism underlying tonic 
GABA release has been difficult to elucidate be- 
cause tonic GABA release exhibits several puzzling 
features that are quite different from those exhibited 
by conventional, phasic release of GABA. Our 
proposed mechanism can account for each of 
these properties: (i) the nonvesicular nature of 
tonic GABA release is consistent with a channel- 
mediated mechanism; (11) the independence from 
neuronal activity can be explained by the glial 


origins of tonic inhibition; and (iii) the apparent 
lack of dependence on external Ca’ arises from 
substantial activation of Best] at resting levels of 
intracellular Ca** (Fig. IF), which leads to con- 
stitutive release of GABA at such intracellular 
Ca** levels (Fig. 2) (17, 31). 

Our results provide several independent lines 
of evidence indicating that GABA is permeable 
through Best1. These include (i) shifts in current 
reversal potential when intracellular GABA con- 
centration was varied (Fig. 1, C and D); (ii) cur- 
rent flow when GABA is the only permeant ion 
(fig. S1); and (iit) Bestl-dependent release of 
GABA from one cell onto another (Fig. 2). Col- 
lectively, these results demonstrate that GABA 
permeates through Bestl. Although it has been 
proposed that Best] has functions in addition to 
being an ion channel (/7, 32, 33), our finding that 
a channel pore mutation blocks GABA release 
(Fig. 2D) indicates that GABA is released by 
direct permeation through the Best! channel pore. 
We presume that tonic inhibition is caused by 
GABA (34); it remains a formal possibility that it is 
mediated by some other molecule that permeates 
Bestl and activates GABA receptors, such as 
taurine (fig. $12). 

To cause efflux through the Bestl channel, 
intracellular GABA concentration in Bergmann 
glial cells should be high enough to maintain the 
required electrochemical gradient. Bergmann glial 
cells show GABA immunoreactivity as intense as 
that observed in neighboring inhibitory neurons 
(Fig. 4B), which suggests a high GABA content, 
consistent with the intracellular GABA concentra- 
tion of 3.5 mM reported in cultured astrocytes (35). 
With a submicromolar extracellular concentration 
of GABA (36), such high intracellular concen- 
trations yield a positive equilibrium potential for 
GABA. Given the very negative resting-membrane 
potential of Bergmann glial cells, there is a strong 
electrochemical gradient to drive GABA efflux 
through the Best! channel. 

The GABA sensitivity [median effective con- 
centration (ECs) = 1.1 uM, Hill coefficient = 2.1] 
of GABAg receptors (22) used in our two-cell 
biosensor microassay can be used to estimate a peak 
extracellular GABA concentration of 500 nM with 
4.5 uM Ca?" and 3 mM intracellular GABA concen- 
tration (Fig. 1E). At resting Ca** (100 nM), GABA 
efflux through Best1 is 31% of that measured at 
4.5 uM Ca” (Fig. 1, E and F); this would yield 
an extracellular GABA concentration of 155 nM, 
which is remarkably close to the extracellular 
GABA concentration of 160 nM thought to be 
present during tonic inhibition (36). 

Our work is consistent with previous indica- 
tions that glia release GABA (37-39). Because 
Bestl is also volume-sensitive, our results pro- 
vide a mechanism for the observation that swelling 
can trigger GABA release from glia (37). GABA 
usually is thought to be synthesized, contained, 
and released exclusively by neurons in adult brain. 
However, a handful of reports have suggested that 
astrocytes contain GABA (40), and our immuno- 
histochemical data provide further support for this 
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idea. Although our work does not identify the source 
of GABA in Bergmann glia, it is known that GABA 
can be synthesized in glia via two pathways (4/) and 
can be taken up into glia by GABA transporters (42). 

The spatial organization of cerebellar glial cells 
is ideally suited to provide ambient GABA for 
tonic inhibition. In the type II glomerulus, the 
sheaths of lamellar astrocytes (43) are intimately 
associated with granule cell dendrites (44, 45). 
Such structures could permit the tonic inhibition 
of granule cell bodies and dendrites (9). Likewise, 
Bergmann glial cells tightly wrap around parallel 
fiber synapses (46, 47), providing a strategic loca- 
tion for tonic inhibition of parallel fibers (46). Our 
findings lead to a model for tonic GABA release 
(Fig. 6F): GABA in Bergmann glia permeates 
through the Bestl channel to activate GABA, 
receptors on parallel fibers, while the same mech- 
anisms allow lamellar astrocytes to tonically in- 
hibit granule cell bodies and dendrites. By providing 
a source of GABA and by locating the molecular 
machinery for tonic GABA release near the gran- 
ule cell structures, as well as by creating a re- 
stricted volume that allows tonic accumulation of 
GABA, it appears that glial cells are anatomically 
optimized for controlling electrical signaling in 
neighboring cerebellar neurons. 

In conclusion, we have demonstrated an 
unprecedented mechanism for tonic GABA re- 
lease through the bestrophin channel in cerebellar 
glial cells and propose a function for glia in mod- 
ulating neuronal signaling via tonic inhibition. 
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Collaborative Non-Self Recognition 
System in S-RNase-Based 


Self-Incompatibility 


Ken-ichi Kubo,?* Tetsuyuki Entani,?* Akie Takara,? Ning Wang,’ Allison M. Fields,? Zhihua Hua,7t 
Mamiko Toyoda,” Shin-ichi Kawashima,’ Toshio Ando,’ Akira Isogai,* Teh-hui Kao,” Seiji Takayama’ 


Self-incompatibility in flowering plants prevents inbreeding and promotes outcrossing to generate genetic 
diversity. In Solanaceae, a multiallelic gene, S-locus F-box (SLF), was previously shown to encode the 
pollen determinant in self-incompatibility. It was postulated that an SLF allelic product specifically 
detoxifies its non-self S-ribonucleases (S-RNases), allelic products of the pistil determinant, inside pollen 
tubes via the ubiquitin—265-proteasome system, thereby allowing compatible pollinations. However, it 
remained puzzling how SLF, with much lower allelic sequence diversity than S-RNase, might have the 
Capacity to recognize a large repertoire of non-self S-RNases. We used in vivo functional assays and 
protein interaction assays to show that in Petunia, at least three types of divergent SLF proteins function as 
the pollen determinant, each recognizing a subset of non-self S-RNases. Our findings reveal a 


collaborative non-self recognition system in plants. 


reproductive barrier adopted by angiosperms 

that allows the pistil to distinguish between 
self (genetically related) and non-self (genetically 
unrelated) pollen. In most cases, this self/non-self 
discrimination is controlled by male- and female- 
specificity determinants (pollen-S, style-S) encoded 
by multiallelic genes at the S locus (/, 2). Self 
incompatible species in Solanaceae, Rosaceae, and 
Plantaginaceae use extracellular S-RNase as style-S 
(3). If the S haplotype of pollen matches either S$ 
haplotype of the style, S-RNase exerts cytotoxicity 
inside the self-pollen tube to inhibit growth (3). 
Pollen-S was identified as an F-box protein, named 
S-locus F-box (SLF or SFB) (4-6), which may be 
a component of an SCF (Skp1—Cullin1—F-box) or 
SCF-like complex (7, 8). 


G soca (SD is an intraspecific 
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A protein degradation model was proposed to 
explain S haplotype-specific rejection of pollen 
tubes by S-RNase. It predicts that an SLF allelic 
variant specifically recognizes its non-self'S-RNases 
and mediates their degradation by the ubiquitin— 
26S-proteasome system (/, 8, 9). This model can 
explain competitive interaction, where SI breaks 
down in heteroallelic pollen carrying two different 
pollen-S alleles (10, 7/7). Each SLF allelic product 
in heteroallelic pollen mediates degradation of all 
S-RNases except its self S-RNase, and two dif- 
ferent SLF allelic products together mediate the 
degradation of all S-RNases, rendering the pollen 
tube compatible with styles of any S genotype 
(3, 8). Experiments designed on the basis of 
competitive interaction showed that PiSLF’, (S> 
allele of Petunia inflata SLF) functions as 
pollen-S (6). When PiSLF’ was introduced into 
SS> and S$2S3 plants, it caused breakdown of SI 
in S; and $3 pollen, but not in S> pollen, as 
predicted by competitive interaction (6). 

Thus far, PiSLF> is the only SLF allele in 
Petunia shown to function as pollen-S (6, 9). 
SLF shows much lower allelic sequence diversity 
than S-RNase, and nonsynonymous substitution 
rates of SLFs from Antirrhinum, Petunia, and 
Prunus are 0.01 to 0.11, whereas those for S- 
RNase are 0.14 to 0.51 (12, 13). Given the large 


number of S haplotypes within each species, it is 
puzzling how an SLF allelic product could 
recognize a large repertoire of highly divergent 
non-self S-RNases to allow cross-compatible pol- 
linations. Moreover, phylogenetic studies of SLF 
and S-RNase in Solanaceae and Plantaginaceae 
showed no evidence of coevolution, with SLF' 
having a much shorter evolutionary history (/2), 
which is unexpected for the “male” and “female” 
genes encoding proteins directly involved in self/ 
non-self discrimination during sexual reproduc- 
tion. Here, we address the question of whether 
the previously identified SLF in Petunia is the 
only protein that constitutes the pollen determinant 
in SL. 

Previously studied SLF is not the sole element 
of pollen-S. We first cloned four additional al- 
leles of Petunia SLF from pollen cDNA of Ss, 
S>, So, and S7; homozygotes by 3’- and 5’-RACE 
(rapid amplification of cDNA ends) with the use 
of primers (table S1) designed on the basis of 
PiSLF,, PiSLF>, and PiSLF 3 sequences (6, 14). 
The deduced amino acid sequences of all nine of 
the identified SLF alleles exhibited higher se- 
quence similarities (86.4 to 100% identity) than 
the corresponding nine S-RNase alleles (40.1 to 
79.4% identity) (fig. S1). Because the taxa with 
S-RNase-based SI have multiple SLF-like genes 
(5, 9), we renamed SLF “‘type-1 SLF;” designating 
alleles as S,-SLF7, with n denoting the S haplotype. 

A surprising finding from the sequence com- 
parison was that the deduced amino acid sequence 
of S7-SLF1 is identical with that of S;o-SLF/ 
(previously named PaSLF';9) (1/), although the 
amino acid sequences of S7- and S9-RNase are 
45% identical (fig. S1). Reciprocal pollinations 
between S7 and S;5 homozygotes showed that all 
pollinations were compatible (Fig. 1A), confirm- 
ing that S; and S79 are distinct S haplotypes. The 
finding of the identical SLF1 in two different S 
haplotypes raised the possibility that SLF1 is not 
the sole element of pollen-S. 

To address this possibility, we first examined 
whether Ss-, S7- (= Si9-), So-, and S),-SLF1 
function as pollen-S. We introduced each transgene 
construct (fig. S2) into appropriate S heterozygotes 
of Petunia (table S2) (14) and confirmed expres- 
sion of each transgene in pollen by reverse tran- 
scription polymerase chain reaction (RT-PCR) 
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(fig. S3). When an S7-SLF'7/ transgene was intro- 
duced into $557, S,S7;, and S379 plants, all trans- 
genic plants remained self-incompatible (Fig. 1, 
B to D, and table S2), indicating that it did not 
cause competitive interaction either in homo- 
allelic 7 and S79 pollen or in heteroallelic S's; and 
S77 pollen. 

When the S7-SLF/ transgene was introduced 
into SS, plants, however, they exhibited break- 
down of SI (Fig. 1E), and reciprocal crosses with 
wild-type S7So plants showed that $7-SLF/ 
caused breakdown of pollen, but not style, func- 
tion in SI (Fig. 1, F and G). To determine whether 
breakdown of SI resulted from competitive 
interaction, we examined the inheritance of the 
S7-SLFI transgene and progeny S genotypes 
from pollination of wild-type S7S5 plants with 
pollen from an $7S9/S7-SLF1 plant. PCR analysis 


action in only a subset of heteroallelic pollen (So 
and $77 pollen, but not S; or S;; pollen) (Table 1). 

Plants carrying S5-, So- or S;,-SLF1 trans- 
genes were similarly analyzed (tables S2 and S3); 
their effects on SI behavior are summarized in 
Table 1. As with S7-SLF/, each caused competi- 
tive interaction only in pollen ofa subset of non-self 
S haplotypes. We further examined the function 
of previously identified $,-SLF/ and $3-SLF1 of 
P. inflata (14). Consistent with our previous find- 
ing (6, 9), S>-SLF1 caused competitive interac- 
tion in S; pollen. However, neither S;-SLF7/ nor 
S3-SLF1:GFP caused competitive interaction in 
S> pollen, even though RT-PCR showed that both 
were expressed in pollen; the level of the green 
fluorescent protein (GFP) fusion protein S3-SLF1: 
GFP was comparable to that of S.-SLF1:GFP pro- 
duced in a previously generated SS; transgenic 
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PiSLFLc-S}, and PiSLFLd-S; were studied, but 
these did not cause competitive interaction in 
their respective heteroallelic pollen (9). We hy- 
pothesized that these and additional SLF-like 
genes might be elements of pollen-S, but like 
SLF1, their function would only be revealed in 
pollen of appropriate S haplotypes. To test this 
hypothesis, we designed PCR primers (table S1) 
based on previously characterized SLF-like genes, 
and extensively amplified SLF-like cDNA frag- 
ments by 3’- and 5’-RACE from pollen of Ss, S7, 
So, S77, S17, and So haplotypes (/4). 

We identified 30 SZF-like sequences and 
classified all except S;-FBX into five subgroups 
(Fig. 2), named type-2 to type-6 SLF: Using the 
same nomenclature as for type-1 SLF, we desig- 
nated alleles S,-SLFx. The previously identified 
PiSLFLc-S, and PiSLF'Ld-S> (9) were renamed 


revealed that all 26 plants examined carried the _ plant, where it caused breakdown of SI (9) (fig. $4, S)-SLF2 and S>-SLF3. We identified the alleles = 

transgene and were either SoS (14 plants) or S;Sg and tables S2 and S3). of all SLF types from these six S haplotypes, N 

(12 plants) (Fig. 1H and table S3). The absence of All in vivo functional assays suggested that except that of type-2 SLF from the S, haplotype + 

an S7S7 genotype suggested that only Sy pollen, each SLF/ allele elicits competitive interaction in _ (fig. S5). Sequence identities between allelic var- ro) 

but not S7 pollen, carrying the S7-SLF/ transgene _ pollen ofa subset of its non-self Shaplotypes.On —_ iants of each type were 72.2 to 87.5% (type 2), e 

became compatible with S75, pistils. Competitive the basis of the protein degradation model, this 70.3 to 99.0% (type 3), 89.6 to 96.5% (type 4), @ 

interaction was also observed when the S7;-SLF] would suggest that for each S haplotype, anSLF1 96.8 to 98.2% (type 5), and 93.4 to 95.9% (type 6). fe) 

transgene was expressed in S,7 pollen (table $2); allelic variant only recognizes and interacts with In contrast, identities between different types of = 

this confirms our previous conclusion that dupli- a subset of its non-self S-RNases and mediates their  SLF were only ~50% (fig. S6). 5 

cated S7-SLF1 caused breakdown of SI ina natu- degradation. This raised the question of what other All six types of SLF genes showed similar de- 

rally occurring self-compatible line of Petunia protein(s) encoded at the S locus might be required. — velopmentally regulated, male reproductive organ— 

carrying an S;7 haplotype (//). These results and Pollen-S comprises multiple types of SLF — specific expression profiles: Transcripts increased 

those from other transgenic experiments (table S2) genes. In P. inflata, several SLF-like genes were during anther development, peaked before anthe- 

suggested that S7-SLF'/ causes competitive inter- found tightly linked to the S locus (9). PiSLFLb-S>, sis, and declined in mature pollen and pollen 

S; pollen Sig pollen 
A is as C D 
S,S/S7SiF1 |S,S,/SSIF1 |S,S|/S/SLF1 
self self self 5 

S,S,style 3 
xe} 
oO 
£ 
S 
= 
A 

S,S,/S_-SLF1 x 

S19 S jg Style SS, WT 

Fig. 1. Type-1 SLF is not the sole element of pollen-S. (A) Reciprocal pol- 

linations between S7- and S;9-homozygous plants of Petunia. Pollen tubes 

were stained with aniline blue and monitored by a fluorescence microscope. H < 

Presence of a large number of pollen tubes at the basal end of the style S,S,WT x S,S,/S;-SLF1 progeny 

(arrowhead) indicates compatible pollination. (B to G) In vivo functional a a a aT 2 

assays of S7-SLF1. Transgenic plants S<5,/S>-SLF (B), S7S14/S7-SLF1 (O, 123 45 67 8 9 10T 

and $5579/S7-SLF1 (D) retained self-incompatibility. Transgenic plant $7So/ Transgene 

S7-SLF1 (E) exhibited breakdown of SI. Pollen from $75./S7-SLF1 was com- 

patible with wild-type 57S, pistils (F), whereas pollen from $75, wild-type 

plants was incompatible with $7S9/S7-SLF1 pistils (G). (H) PCR genotyping of So RNase 

10 progeny plants from crossing a wild-type (WT) SS, plant and transgenic 

(T) S;So/S7-SLF1 plant. Primers specific for each transgene and for the S-RNase S; RNase 

alleles indicated were used for PCR. All genotyping results are shown in table $3. 
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tubes, although the timing of increase and rate of 
decline differed slightly among members (fig. 
S87). Examination of 43 plants segregating for Ss, 
S>, So, and S;, haplotypes and 33 plants segregat- 
ing for S;7 and S;, haplotypes showed no recom- 
bination between any allele of each type of SLF 
and S-RNase (fig. S8), which suggests that all six 
types of SLF' genes are linked to the S locus 
(within 1 cM). These properties implied that the 
additional five types of SLF' genes could poten- 
tially be elements of pollen-S. 

We examined the in vivo function of the Ss, 
Sz, and $7; alleles of type-2 SLF and the S7 and 
S7, alleles of type-3 SLF (fig. S2) (14); the effects 
on SI behavior are summarized in Table 1 (see also 
tables S2 and $3). All except $7-SLF3 caused 
competitive interaction; however, they affected dif 
ferent subsets of non-self S haplotypes of pollen. 
For the six S haplotypes of pollen examined, com- 
petitive interaction was observed in all but S; 
pollen. The findings that none of the three types of 
SLF genes of either S7 or Sj; haplotype caused 
competitive interaction in S; pollen suggest that 
some other type(s) of SLF in $7 and S;; haplotypes 
mediate detoxification of S;-RNase, allowing 
them to be compatible with S; styles. Thus, our 
transformation experiments suggested that at 
least three types of SLF proteins function as ele- 
ments of pollen-S. 

Each SLF type interacts with only a subset 
of S-RNase. We have modified the protein deg- 
radation model to consider all types of SLFs. 
For example, Sy pollen is incompatible with 
So styles because none of the multiple types of 
SLFs produced in Sy pollen recognizes So-RNase, 
whereas Sy pollen expressing S7-SLF2 is com- 
patible with Sy styles, because S7-SLF2 recog- 
nizes So-RNase and mediates its degradation. To 
test the validity of this model, we performed co- 
immunoprecipitation experiments. We expressed 
FLAG-tagged S7-SLF2 (fig. S2) in pollen of an 
SS7, heterozygote, and found that it, like $7-SLF 2, 


elicited competitive interaction in S7; pollen (tables 
S2 and S3), suggesting that fusion of the FLAG tag 
did not affect SI function of S7-SLF2. 

Pollen extracts from $5$);/FLAG:S7-SLF2 
and S557, wild-type plants were mixed with style 
extracts from various S homozygotes and immu- 
noprecipitated with immobilized antibody to FLAG. 
When style extracts of Sy and S;; homozygotes 
were separately mixed with pollen extracts, strong 
bands of So-RNase and S;;-RNase were detected 
in the immunoprecipitates from transgenic pollen 
extracts, but only a faint S,;-RNase band of back- 
ground level was detected in wild-type pollen 
extracts. This finding suggested that S;-SLF2 
interacts strongly with So-RNase and S,;-RNase 
(Fig. 3, A and B). When style extracts of S7 and S's 
homozygotes were mixed with pollen extracts of the 
transgenic plants, a faint S7-RNase band of back- 
ground level and no S;-RNase band were detected 
(Fig. 3, C and D). These results suggested that the 
ability of the S7-SLF2 transgene to cause com- 
petitive interaction in Sy and $77 pollen, but not in 
Ss and S7 pollen, is due to specific interactions 
between S7-SLF2 and So- and S;;-RNases. 

A collaborative recognition model. On the 
basis of this study, we propose a “collaborative 
non-self recognition” model for S-RNase—based 
SI (Fig. 4). In Petunia, pollen-S comprises mul- 
tiple types of SLF' genes. Within an S haplotype, 
the product of each type of SLF interacts with a 
subset of non-self S-RNases, and the products 
of multiple types, including yet uncharacterized 
ones, are required for the entire suite of non-self 
S-RNases to be collectively recognized and detoxi- 
fied. This relationship between style-S and pollen-S 
is radically different from that of the SI systems 
possessed by the Brassicaceae and Papaveraceae, 
where both style-S and pollen-S are single genes, 
and self-interaction between style-S and pollen-S 
triggers SI responses (/, /5, 6). 

In plants possessing S-RNase-based SI, 
increasing the repertoire of SLF' genes that con- 


Table 1. Effects of SLF transgenes on SI behavior of transgenic pollen. Abbreviations: +, breakdown 
of SI caused by competitive interaction; —, no breakdown of SI; (homo), homoallelic relationship 
between the S haplotype of the transgene and that of pollen. 


Transgene Haplotype of transgenic pollen 
Type-1 SLF 

Ss 57 S9 Si1 S17 S19 
S5-SLF1 — (homo) - + - + - 
S7-SLF1 - — (homo) + - + - 
So-SLF1 - - — (homo) - + - 
S47-SLF1 - - - — (homo) + - 
Type-2 SLF 

Ss5 S7 So S11 $17 S19 
S5-SLF2 — (homo) - + + = - 
S7-SLF2 - — (homo) + + - + 
S44-SLF2 - - + — (homo) - - 
Type-3 SLF 

Ss 57 S9 S11 $17 S19 
S7-SLF3 - — (homo) - - - - 
$4-SLF3 - + - — (homo) - - 


stitute pollen-S' would be advantageous, as this 
would increase the number of potential mating 
partners by allowing pollen to recognize and in- 
activate more non-self S-RNases, whereas an in- 
crease in diversity of the S-RNase gene would have 
the opposite effect by allowing new S-RNases to 
escape detoxification by the existing repertoire of 
SLF proteins. Other self-incompatible species in 
Solanaceae, Plantaginaceae, and Rosaceae also 
have a single S-RNase gene and multiple SLF/SFB 
genes located at their S loci (5, 17-20). For 
example, 10 and 12 SLF/SFB-like genes are linked 
to the S loci of Nicotiana alata (Solanaceae) and 
apple (Malus x domestica, Rosaceae), respectively 
(J8, 20). It would be interesting to determine 
whether any of these S-linked F-box genes func- 
tion as elements of pollen-S. 

The collaborative non-self recognition model 
can be further tested through analysis of loss-of- 


S,SLFA1 
A ris’ -SLF1 


L_S.-SLF1 
Ls.-SLF1 
S,-SLF1 

S,4-SLF1 
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Fig. 2. Genealogies of SLF and S-RNase from 
Petunia. (A and B) Phylogenetic trees of deduced 
amino acid sequences of SLF genes (A) and S-RNase 
genes (B) were created with the bootstrap neighbor- 
joining algorithm (14). Both trees are shown to the 
same scale; the bar for each tree indicates the number 
of amino acid substitutions per site. Numbers on the 
branches indicate bootstrap values when the number 
of bootstrap trials is 1000. 5;, 52, and $3 alleles of 
these genes are from P. inflata (6), 5,7 and S79 alleles 
are from P. axillaris (11); all others are from P. hybrida. 
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function mutants of one or more types of SLF 
genes. So far, one such naturally occurring self- 
compatible mutant of Petunia has been identified, 
and the breakdown in SI is attributed to compet- 
itive interaction caused by duplication of an SLF'/] 
(//). Our previous model invoking a single SLF 
gene for pollen-S predicted that loss of function of 
pollen-S would be lethal, because such mutant 
pollen would be incapable of detoxifying any non- 


self S-RNases and would thus be incompatible 
with styles of any S haplotype (3). However, ac- 
cording to our new model, loss of function in a 
single type of SLF would be lethal only for the 
haplotypes whose S-RNases are recognized by 
the type of SLF affected by mutation. Note that 
the SI behavior of a self-compatible cultivar, Osa- 
Nyyjsseiki, of Japanese pear (Pyrus pyrifolia, Rosaceae) 
is consistent with this prediction. This mutant has 


A IP Input B IP Input Cc IP Input D IP Input 
Pollen extract WTTG - - WTTG - - WTTG - - WTTG - - 
Style extract 100100 0.11 100100 0.11 100100 0.11 100100 0.11 
52kDa - a 7 J wwe 
38kDa = “ee 7 J 
31kDa = 7 oT J 
-2: > oe « < 
24kDa - = -_—— anep-< - | -@ 
Anti-S,-RNase = Anti-S,,-RNase = Anti-S;-RNase _—_Anti-S,-RNase 
Anti-S,-SLF2 = Ss ") eS 


Fig. 3. Analysis of interactions between S7-SLF2 and four allelic variants of S-RNase [(A) S>-RNase, (B) 
S11-RNase, (C) S7-RNase, (D) S;-RNase] by coimmunoprecipitation. Pollen extracts from a transgenic 
plant (TG) expressing FLAG:S7-SLF2 or from a wild-type plant (WT) were mixed with style extracts from (A) 
So, (B) S31, (OC) $7, and (D) S$; homozygotes and then immunoprecipitated using an antibody to FLAG. 
Immunoprecipitates (IP) were analyzed by immunoblotting with antibodies specific for each S-RNase; 
0.1% and 1% of the style extracts (input) used for the immunoprecipitation were loaded as controls. 
Immunoprecipitated FLAG:S7-SLF2 was also detected by an antibody specific for S7-SLF2 using the same 
membranes after detection of S-RNases (lower panels). In each upper panel, arrowheads indicate S-RNase 
bands. The double bands in (A) and (B) represent differentially glycosylated forms of S-RNase, as a band 
with smaller molecular mass was observed when each S-RNase was subjected to glycosidase treatment. 
The asterisk in (B) indicates an unidentified S,,-RNase derivative. The double asterisk in (D) indicates a 
dimeric form of S;-RNase, as it was not observed in higher concentration (e.g., 50 mM) of dithiothreitol 
than was used in the SDS—polyacrylamide gel electrophoresis shown. 
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Fig. 4. Collaborative non-self recognition model for SI in Petunia. The single S-RNase gene constituting 
style-S and the multiple SLFs constituting pollen-S are depicted as boxes and ovals, respectively. The 
locations of these SLFs relative to S-RNase are as yet undetermined, but for convenience they are placed in 
a cluster. For each S haplotype, the SLFs whose products are responsible for detoxifying one or more of the 
five allelic variants of S-RNase tested are connected by solid arrows with their target alleles. For each S 
haplotype, products of one or more Other SLFs (including SLF3s of Ss and So haplotypes) are predicted to 
target products of the remaining alleles of S-RNase connected by broken arrows. 
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a 236-kb deletion in the S locus of the S$, hap- 
lotype, including an SLF-like gene, S,F-box0 (21), 
and its Sy pollen is incompatible with S7 styles, 
although it is compatible with the styles of other 
non-self'S haplotypes tested (22). Our model would 
predict that S4F-box0 is an element of pollen-S in 
Pyrus that specifically recognizes S;-RNase. 

SI has been compared with adaptive immu- 
nity in vertebrates (23, 24). The use of products 
of multiple polymorphic SLF genes to collect- 
ively recognize a suite of non-self S-RNases in 
order to mediate their degradation is conceptually 
similar to specific recognition of foreign antigens 
by a large repertoire of T cell receptors. Our find- 
ings provide fertile ground for studying the emer- 
gence of multiple types of SLF genes, their 
coevolution with a single S-RNase gene, and the 
biochemical basis that allows a particular type of 
SLF to recognize certain non-self S-RNases but 
not others or self S-RNase. 
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Gravitational lensing is a powerful astrophysical and cosmological probe and is particularly 
valuable at submillimeter wavelengths for the study of the statistical and individual properties 
of dusty star-forming galaxies. However, the identification of gravitational lenses is often 
time-intensive, involving the sifting of large volumes of imaging or spectroscopic data to find 
few candidates. We used early data from the Herschel Astrophysical Terahertz Large Area Survey 
to demonstrate that wide-area submillimeter surveys can simply and easily detect strong 
gravitational lensing events, with close to 100% efficiency. 


hen the light from a distant galaxy is 
deflected by a foreground mass— 
commonly a massive elliptical galaxy 
or galaxy cluster or group—its angular size and 
brightness are increased, and multiple images of 
the same source may form. This phenomenon is 


commonly known as gravitational lensing (/) 
and can be exploited in the study of high-redshift 
galaxy structures down to scales difficult (if not 
impossible) to probe with the largest telescopes at 
present (2-4) and to detect intrinsically faint 
objects. Surveys conducted at submillimeter wave- 


lengths can particularly benefit from gravitational 
lensing because submillimeter telescopes have 
limited spatial resolution and consequently high 
source confusion, which makes it difficult to di- 
rectly probe the populations responsible for the 
bulk of background submillimeter emission (5, 6). 
In addition, galaxies detected in blank-field sub- 
millimeter surveys generally suffer severe dust 
obscuration and are therefore challenging to detect 
and study at optical and near-infrared (NIR) 
wavelengths. By alleviating the photon starvation, 
gravitational lensing facilitates follow-up observa- 
tions of galaxies obscured by dust and in particular 
the determination of their redshift (7). Previous 
submillimeter searches for highly magnified back- 
ground galaxies have predominantly targeted 
galaxy cluster fields (8). In fact, a blind search for 
submillimeter lensing events requires a large area 
because of their rarity and sub-arcseconds an- 
gular resolutions to reveal multiple images of the 
same background galaxies. 

Although the first requirement has recently 
been fulfilled, thanks to the advent of the South 
Pole Telescope (SPT) (9) and the Herschel Space 
Observatory (Herschel) (/0), the second is still 
the prerogative of ground-based interferometric 
facilities, such as the Submillimeter Array (SMA) 
and the IRAM Plateau de Bure Interferometer 
(PdBI), which because of their small instanta- 
neous field of view are aimed at follow-up ob- 
servations rather than large-area survey campaigns. 
Nevertheless, several authors (//—/4) have sug- 
gested that a simple selection in flux density, 
rather than surveys for multiply imaged sources, 
can be used to easily and efficiently select sam- 
ples of strongly gravitationally lensed galaxies in 
wide-area submillimeter and millimeter surveys. 
The explanation for this lies in the steepness of 
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the number counts (the number of galaxies at a 
given brightness) of dust-obscured star-forming 
galaxies, which are usually referred to as sub- 
millimeter galaxies (SMGs) (/5). Because of that, 
even a small number of highly magnified SMGs 
can substantially affect the shape of the bright 
end of the submillimeter source counts enhancing 
the number of SMGs seen at bright flux densities 
than would be expected on the basis of our knowl- 
edge of the unlensed SMG population (Fig. 1). 
Furthermore, the frequency of lensing events is 
relatively high in the submillimeter (//) because 
SMGs are typically at high redshift (z > ~ 1) (/6), 
and this increases the probability that a SMG is in 
alignment with, and therefore lensed by, a fore- 
ground galaxy. Other important contributors to 
the bright tail of the submillimeter counts are 
low-redshift (z < 0.1) spiral and starburst galaxies 
(/7) and higher redshift radio-bright Active Ga- 
lactic Nuclei (AGNs) (/8); however, both of these 
are easily identified, and therefore removed, in 
relatively shallow optical and radio surveys. There- 
fore, flux-density—limited submillimeter surveys 
could provide a sample of lens candidates from 
which contaminants can be readily removed, 
leaving a high fraction (close to 100%) of gravita- 
tional lens systems (Fig. 1). Because this selection 
of lens candidates relies only on the properties of 
the background source (its flux density), it can 
probe a wide range of lens properties (such as 
redshifts and masses) and thus provide a valuable 
sample for studying the elliptical properties of 
lensing galaxies (19) as well as investigating the 
detailed properties of the lensed SMGs. 

The submillimeter lens candidate selection 
at work. Although the approach presented above 
may be more efficient and vastly more time- 
effective than those exploited so far in the radio 
(20) or the optical (2/7, 22), at least several tens of 
square degrees (deg”) of the sky must be ob- 
served in the submillimeter to produce a statis- 
tically significant sample of strongly lensed objects 
and a minimal contamination from unlensed gal- 
axies. This is because the surface density of 
lensed submillimeter galaxies is predicted to be 
lower than ~0.5 deg * for flux densities above 
100 mJy at 500 um (Fig. 1). Submillimeter sur- 
veys conducted before the advent of Herschel 
were either limited to small areas of the sky 
(15, 23) or were severely affected by source 
confusion due to poor spatial resolution (24). 
Therefore, no previous test of this selection 
method has been performed, although the SPT 
has recently mapped an area of more than 80 
deg” at millimeter wavelengths (9) and found an 
“excess” of sources that could be accounted for 
by a population of gravitationally lensed objects. 

The Herschel Astrophysical Terahertz Large 
Area Survey (H-ATLAS) (25) represents the 
largest-area submillimeter survey being currently 
undertaken by Herschel. H-ATLAS uses the Spec- 
tral and Photometric Imaging Receiver (SPIRE) 
(26) and the Photodetector Array Camera and 
Spectrometer (PACS) (27, 28) instruments and, 
when completed, will cover ~550 deg” of the sky 


from 100 to 500 um. H-ATLAS has been de- 
signed to observe areas of the sky with previously 
existing multiple-wavelength data: Galaxy Evo- 
lution Explorer (GALEX) ultraviolet (UV) data, 
Sloan Digital Sky Survey (SDSS) optical imag- 
ing and spectroscopy, NIR data from the UK 
Infrared Telescope (UKIRT) Infrared Deep Sky 
Survey (UKIDSS) Large Area Survey (LAS), 
spectra from the Galaxy And Mass Assembly 
(GAMA) (29) project, radio-imaging data from 
the Faint Images of the Radio Sky at Twenty-cm 
(FIRST) survey and the NRAO Very Large Ar- 
ray Sky Survey (NVSS). The first 14.4 deg” of 
the survey, centered on J2000 RA 09:05:30.0 
DEC 00:30:00.0 and covering ~3% of the total 
area, was observed in November 2009 as part of 
the Herschel Science Demonstration Phase (SDP). 
The results were a catalog of ~6600 sources (30), 
with a significance >5o, in at least one SPIRE 
waveband, where the noise (o) includes both in- 
strumental and source confusion noise and cor- 
responds to ~7 to 9 mJy/beam. 
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The Herschel/SPIRE 500-um channel is fa- 
vorable for selecting lens candidates because the 
submillimeter source counts steepen at longer 
wavelengths (24, 3/7). We used theoretical pre- 
dictions (4) to calculate the optimal limiting flux 
density, above which it is straightforward to re- 
move contaminants from the parent sample and 
maximize the number of strongly lensed high- 
redshift galaxies. The surface-density of unlensed 
SMGs is predicted to reach zero by S599 ~ 100 
mJy (14), and these objects are only detectable 
above this threshold if gravitationally lensed by a 
foreground galaxy (Fig. 1). The H-ATLAS SDP 
catalog contains 11 sources with 500 tm flux 
density above 100 mJy. Ancillary data in the field 
revealed that six of these objects are contam- 
inants, four are spiral galaxies with spectroscop- 
ic redshifts in the range of 0.01 to 0.05 [see (32) for 
a detailed analysis of one of these sources], one is 
an extended galactic star-forming region, and one 
is a previously known radio-bright AGN (33). 
Although the number of these sources are few at 


Fig. 1. Selection of grav- 10° 
itational lenses at sub- 
millimeter wavelengths. ot L 


The 500-.m source counts 
consist of three different 
populations (24): high- 
redshift SMGs; lower red- 
shift late type (starburst 
plus normal spiral) gal- 
axies; and radio sources 
powered by active galac- 
tic nuclei. Strongly lensed 
SMGs dominate over un- 
lensed SMGs at very bright 
fluxes, where the count 
of unlensed SMGs falls 
off dramatically (yellow 
shaded region). The data 
points are from H-ATLAS 
(31). 
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Table 1. Photometric and spectroscopic redshifts of the five lens candidates. Spectroscopic redshifts were 


derived from optical lines for the lens bee] and from CO lines for the background source [Zspec 
Photometric redshifts are based on UV/optica/NIR photometry for the lens [Zpn 
SMA and MAMBO photometry for the background source [Zphot ¢ ; 


(coy 


(ep?) and H-ATLAS plus 
using the photometric 


sub—mm/millimeters 


redshift code of (36, 37)]. The quoted errors on the redshifts correspond to a 68% confidence interval (Cl). 


SDP ID Zonet” fa a ya 
9 0.679 + 0.057 - 1.429470" 1.577 + 0.008* 
11 0.72 + 0.16 0.7932 + 0.0012t 1:9.93°°" 1.786 + 0.005* 
17 0.77 + 0.13 0.9435 + 0.0009 2.026370" 0.942 + 0.004 and 2.308 + 0.011* 
81 0.334 + 0.016 0.2999 + 0.0002 7 ee 3.037 + 0.010* 
3.042 + 0.0018|| 
130 =: 0.239 + 0.021 0.2201 + 0.0029] 2bipae 2.625 + 0.0018 


2.6260 + 0.0003] 


tDatum is from the William Herschel Telescope (35). fDatum is from SDSS. 
||Datum is from PdBI (35). §]Datum is from the Apache Point Observatory 


*Datum is from CSO/Z-Spec (43). 
§Datum is from GBT/Zpectrometer (45). 
(35). 


www.sciencemag.org SCIENCE VOL 330 5 NOVEMBER 2010 


801 


Downloaded from www.sciencemag.org on November 4, 2010 


RESEARCH ARTICLES 


802 


bright flux densities, the measured surface den- 
sities are consistent with expectations (Fig. 1) 
(17, 18). Exclusion of these contaminants left the 
five objects that form our sample of lens candi- 
dates (table S1) (35), identified as ID9, ID11, ID17, 
ID81, and ID130. 

Unveiling the nature of the lens candidates. 
For gravitational lensing systems selected at sub- 
millimeter wavelengths, we would expect the 
lensing galaxy to be seen in optical and/or NIR 
images, in which the emission from the lens 
dominates over the higher redshift background 
SMG. In line with these expectations, all of the 
lens candidates have a close counterpart in SDSS 
or UKIDSS images (or both). A likelihood ratio 
analysis (34) showed that the probability of a 
random association between these bright submil- 
limeter sources and the close optical/NIR counter- 
parts is less than a few percent. Therefore, the 
optical and submillimeter emissions must be 
physically related, either because they occur with- 
in the same object or because of the effects of 
gravitational lensing, boosting the flux of the 
background source and indirectly affecting the 
likelihood ratio calculations. The redshift mea- 
surements support the later scenario. Although the 
optical/NIR photometric/spectroscopic redshifts 
lie in the range of z ~ 0.3 to 0.9 (Table 1 and figs. 
S3 and S4) (35), the redshifts estimated from the 
submillimeter/millimeter spectral energy distribu- 
tions (SEDs) [following the method described in 
(36, 37)] are distinctly different (Table 1). The 
lensed SMG photometric redshifts have been 
confirmed and made more precise through the 
spectroscopic detection, in these objects, of car- 
bon monoxide (CO) rotational line emission, which 
are tracers of molecular gas assocatiated to star- 
forming environments. Until recently, these kinds 
of detections were difficult to achieve without 
prior knowledge of the source redshift, which 
required extensive optical/NIR/radio follow-up 
observations. Because of the development of wide- 
bandwidth radio spectrometers capable of de- 
tecting CO lines over a wide range of redshifts, it 
is now possible for blind redshift measurements 
of SMGs to be taken without relying on optical or 
NIR spectroscopy (38, 39). ID81 was observed 


Table 2. Derived parameters for the five lens candidates. Estimated mass in 
stars (M,,) and Star Formation Rate (SFR) of the foreground galaxy derived 
from the best-fit to the UV/opticaV/NIR part of the SED; the Einstein radius 
measured from the SMA images (8); mass within the Einstein radius (M_) 
estimated from 9,; line-of-sight stellar velocity dispersion (o",) derived 
from the Faber-Jackson relation and the B-band luminosity produced by the 
best-fit to the UV/optica/NIR SED; Einstein radius (6",) calculated from 
o"); infrared luminosity of the background source (Lj,), without correction 


with the Z-Spec spectrometer (40, 47) on the Cal- 
ifornia Institute of Technology Submillimeter Ob- 
servatory. The data revealed several CO lines 
redshifted into the frequency range of 187 to 310 
GHz; the strongest of these lines has been inter- 
preted as the CO J=7-6 line, with an estimated red- 
shift of z = 3.04 (42). This represents the first blind 
redshift determination by means of Z-Spec. We fol- 
lowed up this observation with the PdBI and 
detected CO J=3—2 and CO J=5—4 emission lines, 
redshifted to z = 3.042, confirming the Z-Spec— 


measured redshift (35). We also used the Zpec- 
trometer instrument (43, 44) on the NRAO 
Robert C. Byrd Green Bank Telescope (GBT) to 
obtain an independent confirmation of the redshift 
of ID81 (Table 1 and fig. $1) (35, 45) and to 
measure the redshift of ID130. We detected red- 
shifted CO J=1—0 emission at z = 2.625 in the 
spectrum of ID130 (fig. S1) (35, 45). This redshift 
was confirmed by the PdBI with the observation 
of CO J=3-2 and CO J=5-4 lines, yielding a red- 
shift of z = 2.626 (35). The Z-Spec spectrometer 
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30. 1D130 lies outside the region covered by 
PACS. The photometric data were fitted using 


SED models from (47). The background source, responsible for the submillimeter emission, is a heavily 
dust-obscured star-forming galaxy (red solid curve), whereas the lens galaxy, which is responsible for 
the UV/optical and NIR part of the spectrum, is characterized by passive stellar evolution. 


the SED and the upper limits at optical and NIR wavelengths (Fig. 2); and 
visual extinction parameter (Ay) inferred for the background galaxy. All the 
quoted errors correspond to a 68% Cl. For ID17, only the infrared lumi- 
nosity and the extinction parameter of the background source are quoted 
because the lensing mass probably consists of two galaxies that can only be 
disentangled in the Keck images. The symbols M. and L. denote the total 
mass and the total luminosity of the Sun, respectively, and correspond to 
Mz =1.99 x 10°° kg and L.. =3.839 x 10°? erg s+. Dashes indicate lack of 


for magnification, derived by fitting the submillimeter/millimeter part of constraint. 

SDP ID —log(M.) (Me) ~— log(SFR) (Me yr?) ~—g (arc sec) ~— Log(Mg) (Me) =o (km sec?) ~—- 0 (arc sec) log(Lir) (Le) Ay 

9 10:79 a1 ® 0.519340" —_— = 2326.77" 0.774440" 13.48_9 96°? >” 6.7-10°* : 
11 11;15_o:310°°? —0.08_9 24°? 78 = = 258_¢2°°* 0.919.407??? 13.61_9.96°° °° 5 465°" 6 
17 — —_ _ = = = 1357goe NB gett 
81 17.17 9990" 1566-944" 162+0.02 11.56 + 0.01 242_s,°7” 151g Ago Begs 
130 10.65_9.087° =1,17_ peg? 0.59+0.02 10.57+0.04 17443? O8lepsg*. ~13Abp gg Gg 3??? 
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observed the remaining three lens candidates (42) 
and detected CO lines at redshifts of z= 1.577 and 
z= 1.786 for ID9 (fig. S2) (35) and ID11, respec- 
tively, which are higher and inconsistent with 
the redshifts derived from the optical photometry/ 
spectroscopy (Table 1). The Z-Spec CO measure- 
ments for ID17 are indicative of two redshifts; 
one, z = 0.942, that is in agreement with the op- 
tical redshift and a higher one, z = 2.31, which is 
indicative of a more distant galaxy. 

To determine the morphological type of the 
foreground galaxies, we obtained high-resolution 
optical images for all five objects with the Keck 
telescope at g- and i-bands (35). ID9, ID11, ID81, 
and ID130 all have optical profiles that are con- 
sistent with elliptical galaxies (figs. SS and S6 
and table S4) (35). The interpretation of the re- 
sults for ID17 is complicated by the presence of 
two partially superimposed galaxies in the optical 
images (fig. S7) (35), neither exhibiting the dis- 
turbed morphology expected for lensed objects. 
This indicates that ID17 may be a gravitational 
lens system with two foreground lensing masses 


at similar redshifts (z ~ 0.8 to 0.9)}—possibly a 
merging system—with some molecular gas re- 
sponsible for the CO emission detected by Z-Spec 
at z ~ 0.9 and confirmed with optical spectros- 
copy (Table 1). A fit to the UV/optical/NIR SEDs 
of ID9, ID11, ID81, and ID130 (46), using the 
models of (49), gives stellar masses in the range 
of 4 x 10'° to 15 x 10'° M, (Table 2) and almost 
negligible present-day star formation, which is 
consistent with elliptical galaxies (Fig. 2). 

For all five lens systems, the background 
source appears to be undetected in the Keck 
g- and i-band images, despite the flux magnifi- 
cation due to lensing. After subtracting the best- 
fit light profile from each lens (figs. SS to S7) 
(36), we found no structure that could be as- 
sociated with the background source in the re- 
sidual images (figs. S5 and S6). We derived 3-o 
upper limits from the residual maps (table S3) 
and corresponding NIR limits from the UKIDSS 
images. These upper limits were used to fit the 
SEDs of the background sources assuming the 
models of (47), calibrated to reproduce the UV- 
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Fig. 3. Submillimeter and optical follow-up imaging of ID81 and ID130. The SMA images of ID81 and 
1D130 are shown in the top panels, centered on the optical counterpart, and were obtained by combining 
the visibility data from very extended, compact, and subcompact configuration observations. The Keck 
i-band image of ID81 and ID130 are shown in the bottom panels with the SMA contours superimposed (in 
red). The contours are in steps of —20, 20, 40, 66, 86, 10o..., with o = 0.6 mJy/beam. The SMA 


synthesized beam is shown in the bottom-left corner. 
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to-infrared SEDs of local, purely star-forming 
ultraluminous infrared galaxies (ULIRG) (10!? < 
Lip/Ls < 10") (48). A visual extinction (49) of Ay > 
2 is required to be consistent with the optical/NIR 
upper limits (Fig. 2 and Table 2), confirming se- 
vere dust obscuration in these galaxies along the 
line of sight. Our results indicate that these sub- 
millimeter bright gravitationally lensed galaxies 
would have been entirely missed by standard op- 
tical methods of selection. 

We obtained observations at the SMA for 
ID81 and ID130 at 880 um, with the aim of de- 
tecting the lensed morphology of the background 
galaxy (35). The SMA images reveal extended 
submillimeter emission distributed around. the 
cores of the foreground elliptical galaxies, with 
multiple peaks (four main peaks in ID81 and two 
in ID130), which is consistent with a lensing in- 
terpretation of these structures (Fig. 3). The po- 
sition of these peaks can be used to directly 
constrain the Einstein radius—the radius of the 
circular region on the sky (the Einstein ring) into 
which an extended source would be lensed if a 
foreground galaxy were exactly along the line of 
sight of the observer to the source (for a perfectly 
circular lens). The Einstein radius is a measure of 
the projected mass of the lens, so it can be used to 
derive the total (dark plus luminous) mass of the 
galaxy within the Einstein radius (Table 2) (35). 
Another measure of the total mass of a lens is the 
line-of-sight stellar velocity dispersion, o,. We 
have estimated 6, from the local Faber—Jackson 
(FJ) relation (50) between o,, and the rest-frame 
B-band luminosity for elliptical galaxies. Assum- 
ing passive stellar evolution for the lens galaxies, 
which is appropriate for elliptical galaxies, we 
have extrapolated their rest-frame K-band lumi- 
nosity to z = 0 [using the evolutionary tracks of 
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Fig. 4. Relationship between mass and luminosity 
for the lensing galaxy in ID81 and ID130. The rest- 
frame V—band luminosity was derived from the 
best-fit SED to the UV/opticaV/NIR photometric data; 
the mass within the Einstein radius is that measured 
directly from the SMA images. The light versus mass 
relation inferred for ID81 and 1D130 (open circles) 
is consistent with that observed for the SLACS 
lenses [black dots, from (54), assuming an uncer- 
tainty of 0.025 dex in their mass estimates]. 


www.sciencemag.org SCIENCE VOL 330 5 NOVEMBER 2010 


803 


Downloaded from www.sciencemag.org on November 4, 2010 


RESEARCH ARTICLES 


(51)] and then converted this to B-band luminos- 
ity using the B — K = 4.43 color relation from 
(52). The result was then applied to the FJ re- 
lation from (53). Given a mass model for the lens 
(35), we can predict the Einstein radius of the 
galaxy from the value of o, expected from the FJ 
relation and compare it with that directly mea- 
sured from the SMA images (Table 2). Although 
the value of the Einstein radius derived from the 
line-of-sight stellar velocity dispersion is affected 
by large uncertainties (as a result of the scatter in 
the FJ relation), it is consistent with the value 
measured in the SMA images for both ID81 and 
1D130. In order to test whether the properties of 
the lensing galaxies in our sample are consistent 
with those of other known lens ellipticals at sim- 
ilar redshift, we compared the V-band mass-to- 
light ratio of the lens galaxy for ID81 and ID130 
with those measured in the Sloan Lens Advanced 
Camera for Surveys (ACS) Survey (SLACS) 
(Fig. 4) (54), which cover a similar redshift range 
(z ~ 0.1 to 0.3). The agreement with the average 
trend revealed by SLACS confirms that our lens 
selection method is not biased to lensing ellip- 
ticals with atypical luminosities. Moreover, the 
location of ID130 in Fig. 4 indicates that our 
selection method can probe lower masses and 
lower luminosity lens galaxies than those sampled 
by SLACS, thus offering a wider range in lens 
properties to be investigated. 

The best-fit SED to the submillimeter/milli- 
meter photometry for each of the five back- 
ground sources give infrared luminosities Lip = 
~3 x 10!°L. (Table 2), which would classify these 
objects as Hyper Luminous Infra-Red galaxies 
(HLIRGs) (Lz > 10'° Le). However, a correction 
for magnification because of lensing will reduce 
these values by a factor of 10 or greater. For ex- 
ample, assuming that the light distribution of the 
background source is described by a Gaussian 
profile with a full width at half maximum (FWHM) 
of 0.2 arcseconds [which is consistent with the 
physical extension of the background galaxy in 
(4)], the best-fit lens model (fig. S9) (35) predicts 
total amplifications of ~19 and ~6 for ID81 and 
1D130, respectively. Typical amplifications of 8 
to 10 are also suggested by (/4); therefore, it is 
more likely that these sources are ULIRGs. 

These results already provide constraints for 
models of the formation and evolution of massive 
galaxies at high redshift. The fact that many (if 
not all) of the brightest SMGs detected in the 
H-ATLAS SDP field are amplified by lensing im- 
plies that unlensed z > 1 star-forming galaxies 
with flux densities of more than 100 mJy at 
500 um are rare, with <4.6 of them per 14.4 deg °, 
at 99% probability (assuming Poisson statistics). 
This translates into a 0.32 deg * upper limit on 
the surface density of these sources. The same 
limit should translate to the abundance of HLIRGs 
with Lr > 5 x 10° Le at z < 4 because they 
would also have 500-tm flux densities above 
100 mJy, which has possible implications for the 
role of feedback during the formation of the most 
massive galaxies in the universe. By extrapolat- 


ing our SDP findings to the full H-ATLAS field, 
we predict a total sample of more than 100 bright- 
lensed sources, with which we can further im- 
prove this constraint. 
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The Effective Fine-Structure Constant 
of Freestanding Graphene Measured 


in Graphite 


James P. Reed,? Bruno Uchoa,” Young Il Joe,? Yu Gan,? Diego Casa,” 


Eduardo Fradkin,’ Peter Abbamonte?* 


Electrons in graphene behave like Dirac fermions, permitting phenomena from high-energy 
physics to be studied in a solid-state setting. A key question is whether or not these fermions 
are critically influenced by Coulomb correlations. We performed inelastic x-ray scattering 
experiments on crystals of graphite and applied reconstruction algorithms to image the 
dynamical screening of charge in a freestanding graphene sheet. We found that the polarizability 
of the Dirac fermions is amplified by excitonic effects, improving screening of interactions 
between quasiparticles. The strength of interactions is characterized by a scale-dependent, 
effective fine-structure constant, Og (k, w), the value of which approaches 0.14 + 0.092 ~ 1/7 at 
low energy and large distances. This value is substantially smaller than the nominal og = 2.2, 
suggesting that, on the whole, graphene is more weakly interacting than previously believed. 


raphene is a single layer of carbon atoms 
(GS an unusual electronic structure that 

mimics the massless Dirac equation, al- 
lowing phenomena familiar from high-energy 
physics to be investigated in a solid-state setting 
(J). Because of its low density of states near the 
Fermi level, it is possible to tune the effective 
carrier density of graphene with a gate voltage. 
This makes graphene the potential foundation for a 
new generation of low-cost, flexible electronics (/). 

It is widely believed that graphene, if isolated 
from substrate effects, should be a strongly in- 
teracting electron system. (/—8) The strength of 
Coulomb interactions in graphene is measured by 
the ratio of its potential energy to its kinetic ener- 
gy, U/K = e*/hvp = 2.2, where e is the charge 
of an electron, / is Planck’s constant, and v; is the 
Fermi velocity of the Dirac particles. This ratio is 
independent of the carrier density and is usually 
referred to as the fine-structure constant, o,. Un- 
like the analogous quantity « = 1/137 in quan- 
tum electrodynamics (QED), Oi, is greater than 
unity; thus, there is no small expansion parameter 
for electromagnetic interactions, which have been 
predicted to lead to novel ground states such as an 
excitonic insulator (3) or a perfect fluid that might 
exhibit electronic turbulence (4). 

Surprisingly, so far there is little direct evi- 
dence for strong interactions in graphene. The 
hallmark of interactions is a logarithmically di- 
vergent renormalization of the Fermi velocity, vp 
(5, 8). However, this effect has not been observed 
in either angle-resolved photoemission spectros- 
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copy (ARPES) experiments (9, 70) or in scan- 
ning single-electron transistor (SET) measurements 
of the electronic compressibility (//). A recent 
optical infrared measurement observed a depar- 
ture from the noninteracting spectrum (/2); how- 
ever, the effect is not logarithmic and does not 
agree with ARPES or SET measurements. In- 
teraction effects have been observed in high 
magnetic fields, but in this case the kinetic energy 
is quenched by the formation of Landau levels 
(13-15). Some of these measurements were done 
on supported graphene, which can suppress inter- 
actions through substrate dielectric screening. 
However, recent measurements show that free- 


Fig. 1. IXS experiments 


standing graphene in zero field also behaves like 
a simple semimetal (/6). 

The absence of a v; renormalization seems 
irreconcilable with a large value of the fine- 
structure constant. However, the particles mea- 
sured in experiments are not bare electrons, but 
dressed quasiparticles, which interact via the screened 
Coulomb interaction (/7). Hence, a better mea- 
sure of the strength of interactions is the dressed 
fine-structure constant, Ay (k, ®) = dg/e(k, @) = 
dg[1 + V(k)y(k, @)], where V(k) = 2ne?/k is the 
bare Coulomb interaction in two dimensions, 
e(k, @) is the dielectric function, and x(k, @) is 
the charge response function of graphene. Unlike 
Og, Og *(k, @) describes the retarded interaction 
among the dressed quasiparticles and accounts 
for the influence of screening generated dynami- 
cally within the Dirac system (/8). a, *(k, @) is not 

a “background” dielectric constant, ‘but a param- 
eter that accounts for the dynamically generated 
screening by the valence electrons. Diagrammatic 
calculations may be structured in powers of 
a, (k, @), so this function can be considered a 
valid expansion parameter (/9). 

To determine a, (k, ®), one must determine 
the response function, y(k, ), which is a general 
representation of the charge dynamics of the 
system. In real space, x(11 — Y2, ¢) represents the 
amplitude that a disturbance in the electron 
density at r, will propagate to r, after an elapsed 
time, ¢. x(k, @) also describes, in linear response 
theory, how the system responds to charged per- 
turbations via 


Nind (Kk, ©) = Vk) x(k, ©) New(k,@) (1) 


where Mew(K,@) is an arbitrary source and 
Nind(K, @) is the charge induced in the medium 
(20). 


15-3 
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from graphite and extrac- 
tion of the response func- 
tion for graphene. (A) 
Scattered intensity as a 
function of energy and 
momentum for highly 
oriented pyrolitic graph- 
ite (HOPG), which gives 
the ‘V-integrated response. 
(B) Angle-resolved spectra 
from single-crystal graph- 
ite for the domain over 
which anisotropy was ob- ) 
served. (C) Brillouin zone 


Energy (eV) 


v-integrated (gle]e)) 


6 


= 


= 


= 


oev'A® 


= 


= 


= 


8 16 2.0 K. (100) 


0 
5 
0 
0 
5 
0 
Q 
5 
0 
0 
5 
0 
Q 
5 
0 
Q 
5 
Ae 
( 


Momentum (A) 


of graphene with various 
vectors defined. (D) Test 
of Eq. 4 on the electron 
energy loss experiments 
of Eberlein (24) (fit value 
k = 0.33 A-4), showing 
that an accurate response 
for graphene can be ob- 
tained from IXS experi- 
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To determine y(k, w) for graphene, we per- 
formed inelastic x-ray scattering (XS) experi- 
ments on single crystals of graphite, which 
consists of layers of graphene loosely bound 
by electrostatic van der Waals forces. IXS mea- 
sures the dynamic structure factor, S(k, @), 
which is related to the imaginary part of the 
charge response through the quantum mechan- 
ical version of the fluctuation-dissipation the- 
orem (20, 21) 


1 1 
S(k, @) = —— 


nl — hor Im[X3p(k, —k, @)] 


(2) 


where T is the temperature and x3, is the charge 
response of graphite. Equation 2 provides only 
the imaginary part of x3; if a sufficiently broad 
energy spectrum is sampled in the experiment, 
the real part may be determined by the Kramers- 
Kronig (KK) transform (2/, 19). We note that, 
because graphite is layered, its electron density 
is nonuniform, so ¥3p = X¥3p(k, G — k, @) is a 
function of two momenta, G being a reciprocal 
lattice vector. IXS experiments provide the G = 0 
component (2/, 19). 
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Fig. 2. Response functions for graphene in the 
low-momentum region, showing the Dirac particles. 
(A) —Im[x(k, @)]. The Dirac spectrum is visible as a 
continuum below the z plasmon, which arises from 
the Van Hove singularity at the top of the 2 band. 
Also shown is the expected response for idealized, 
noninteracting Dirac fermions, using Eq. 3 and 
T(k, w) = —k?/(4,/(hveg)? — w*), with vp = 10° 
m/s. The curves are plotted on an absolute scale, 
and the magnitudes may be directly compared. (B) 
Experimental and idealized —Im|II(k, «)], showing 
the locations of single-particle excitations. The peak 
in the measured response is 0.6 eV lower in energy 
than the ideal response, indicating excitonic effects, 
which transfer spectral weight from the Van Hove 
singularity to the Dirac spectrum. 


The IXS spectra, shown in Fig. 1, A and B 
(79), are dominated by two collective excitations, 
at approximately 6 eV and 35 eV, which were 
observed in previous studies (22, 23) and are 
normally referred to as the m and o—n plasmons, 
respectively. These excitations are, however, not 
plasmons in the usual sense; they do not arise from 
free carrier screening but from Van Hove singular- 
ities in the band structure. The former resides at the 
edge of the a bands near the M point in the 
Brillouin zone, and the latter in the o-bonded bands 
along the A-L line (23). Beneath the plasmons, a 
continuum of single-particle excitations is visible. 
The spectra were measured, for k, = 0, through- 
out an entire, symmetry-independent sector of the 
Brillouin zone (Fig. 1C). 

Although these experiments were done on 
graphite crystals, the results are directly relevant 
to graphene. Graphite is a quasi-two-dimensional 
system in which the interlayer hopping, ¢, = 0.4 eV, 
is much smaller than that in-plane, 4, = 3 eV. At 


0 
X (A) 
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energy scales greater than ¢,, the x band of graph- 
ite is essentially the same as in graphene, and the 
system can be thought of as a stack of graphene 
sheets coupled only by direct, long-ranged Cou- 
lomb interactions. 

More quantitatively, graphite and graphene have 
approximately the same polarizability, I(k, o). 
Physically, I can be thought of as the response of 
the system, excluding direct Coulomb interac- 
tions, which couple the layers, and is related to 
the response function by 


TI(k, ) 


1(k, ©) = Tank, a) 


(3) 


Making the assumption that I is the same for both 
graphite and graphene, and that the graphene 
sheets are very thin, we acquire an expression (/9) 
for the response of graphene in terms of that for 
graphite 


t=200as 
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Fig. 3. Dynamics of the valence electrons in graphene. (A to F) Dynamical electron density, nina(x, y, t), 
induced by a point source appearing at the origin and then instantaneously disappearing. We have taken e = 
1. Densities are plotted over a field of view of 30 A by 30 A at selected times. The vertical scale has been 
truncated at +5.0 A~* as~* to magnify the finer features. The resolutions for these images were Ar = 0.20 A 
and At = 10.3 as. The time resolution is fast in comparison with currently available laser pulses. (G) Time- 
independent electron density, njng(x,y), induced by a static point charge. The vertical scale has been 
truncated at +0.04 A~* to magnify the finer features. (H) Integrated density Q(R), giving an asymptotic value 
of Q(co) = (0.924 + 0.046)e, showing that a static point charge in graphene is screened nearly completely. 
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1 — V(K)[l — F(K)]x3p(k, —k, ) « d 


(4) 


x(k, @) = 


where d = 3.35 A is the distance between the 
layers and 

sinh(qd) 
cosh(qd) — cos(k,d) 


F(k) = (5) 


is a form factor that describes the layered struc- 
ture of graphite, g and x, being the magnitude of 
the in- and out-of-plane components of k, re- 
spectively (19). Equation 4 can be thought of as 
a means of turning off the Coulomb interaction 
between the layers, revealing the response for 
half-filled, freestanding graphene. 

To test Eq. 4, we applied it to an electron 
energy loss (EELS) study by Eberlein (24) of the 
dielectric loss function —Im[1/e(k, )], which is 
proportional to Im[x], for both graphite and 
freestanding graphene. They found that the 1 
and o—z plasmons are also present in graphene 
but are shifted to lower energy compared with 
graphite because of the reduced dimensional- 
ity (23, 24). We scaled their graphite spectra with 
the f-sum rule, KK transformed, applied our Eq. 
4, and compared the results to their spectra for 


Energy (eV) 


Energy (eV) 


1.0 
Momentum (A) 


1.5 


2.0 


Fig. 4. The effective, screened fine-structure con- 
stant, ag(k, w), as defined in the text. (A) The 
magnitude of a5(k, «), plotted against momentum 
and energy. The Dirac dispersion m = /ivek is 
indicated by the white line. In the low momentum 
region, oig(k,@) is larger above this line than 
below. (B) The phase of o(k, w), in radians. 


graphene (Fig. 1D). The curves match nearly 
exactly, reproducing the red shifts and changes in 
spectral weight of the two plasmons. We con- 
clude that Eq. 4 provides a valid response func- 
tion for freestanding graphene at energy scales 
greater than ¢, (79). 

At the lowest momenta measured, the x(k, @) 
derived from Eq. 4 shows signatures of the Dirac 
fermions. In Fig. 2A, we plot —Im[y(k, @)] as a 
function of o for two momenta at which the 
quantity jvk is less than the energy of the Van 
Hove singularity in the z band. Also shown is the 
spectrum for idealized, noninteracting Dirac fer- 
mions. A continuum is visible below 5 eV whose 
magnitude and dispersion with k are close to that 
expected for Dirac particles. This suggests that 
the low-frequency, long-wavelength response of 
graphene is strongly influenced by the Dirac fer- 
mions. The experimental and idealized spectra 
differ, however, in two respects. First, the curves 
deviate near the energy of the x plasmon, because 
in the real material the width of the m band is 
finite. Second, the experimental onset energy is 
lower and smoother than expected. 

The origin of these discrepancies is clari- 
fied by examining the polarization function, 
—Im[II(k, )], shown in Fig. 2B, which exhib- 
its peaks at the energy of single-particle transi- 
tions rather than of the collective modes. Again, 
the curves for idealized Dirac fermions are shown. 
The peak in the data is broader and shifted to 
lower energy, by approximately 0.6 eV, com- 
pared with the idealized spectrum. Further, the 
spectral weight in the Van Hove singularity is 
suppressed from what is expected (23), being 
reduced to a shoulder on the Dirac spectrum. 
These effects may be understood as arising from 
a combination of band curvature (i.e., deviation 
from the Dirac spectrum at high energy), as well 
as excitonic effects, which are known to transfer 
spectral weight to lower energy in particle-hole 
spectra. We note that the 0.6-eV shift is similar 
in magnitude to that predicted by recent ab initio 
calculations employing the Bethe-Saltpeter 
equation (25, 26). 

To observe how excitations in graphene prop- 
agate in real time, in Fig. 3, A to F, we plot the 
time-dependent charge density, njnq(r, ¢), arising 
from a point source in graphene, determined by 
using 71,,;(k, @) = —e in Eq. 1. As expected 
from causality, 1i,q¢ = 0 for t < 0. The earliest 
response (¢ < 200 as) is dominated by the fast, 
broadband, o—n plasmon, which is isotropic 
and ~5 A in size because of the localized char- 
acter of the sp” bonds. The narrower x plasmon 
emerges later (t > 200 as), extends over ~10 A, 
and exhibits six-fold rotational symmetry. One 
can think of the sequence of events as a local- 
ized burst of density that back-scatters off the 
atomic lattice. 

The effective fine-structure constant, 0, *(k, o), 
is shown in Fig. 4. a, *(k, @) is a valid coupling 
constant at low energy where the bands are 
Dirac-like; at high energy, it may be thought of 
simply as the inverse dielectric function, scaled 
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by a,. Figure 4 shows that a, is complex, and is 
not a constant but is a strong function of fre- 
quency and momentum. This indicates that the 
strength of interactions in graphene depends on 
the scale on which the system is probed. The 
magnitude of a, ranges from greater than 2 at 
high energy to much less than unity at energies 
lying below the w = hvrk line (Fig. 4). 

An important limit is that of zero frequency 
and small momentum. At the lowest momenta 
measured, we found that I(k, 0)~kas k — 0 
(19). Extrapolating linearly to zero, we find 


that a, (0*, 0) =lim a, (k, 0) = 0.14 + 0.092 = 
k-0 


1/7, which may be thought of as a static dielectric 
constant of ¢ = [1 — O(«)/e]' = 15.4439 
(19). This large value, which is an outcome of 
the excitonic shifts shown in Fig. 2B, is 3.5 times 
as large as past estimates based on the random 
phase approximation (RPA) (27) or GW methods 
(26) in which excitonic effects were neglected. 
The small value of a, in this limit indicates that 
graphene can screen very effectively over finite 
distances and should act like a weakly interacting 
system for phenomena that take place at low 
energy and modest wave vector. 

For illustration, we simulate the response 
of the system to a charged impurity by solving 
Eq. 1 with 1¢,;(k, 0) = —e. The induced charge 
Nina(V) (Fig. 3G) is a cloud ~10 A in size, com- 
prising an isotropic inner layer surrounded by 
a six-fold symmetric outer layer, reminiscent 
of the excitations in Fig. 3, A to F. Figure 3H 
shows Q(R), which is the total charge con- 
tained in 7j,q(1r) within a shell of radius R. O(R) 
oscillates and plateaus at large R to the value 
O(c) = (0.924 + 0.046)e. Hence, at length scales 
larger than a few nanometers, a charged impurity 
in graphene is screened nearly completely. This 
explains the surprisingly small sensitivity of the 
mobility of graphene to a high-« dielectric en- 
vironment (28, 29), which was anticipated to re- 
duce scattering from charged impurities. Because 
graphene already screens impurities very efficient- 
ly, immersing it in a high-« environment does not 
substantially influence its properties. Screening 
effects may also explain the absence of a detect- 
able velocity renormalization in recent ARPES 
and SET experiments. Overall, our results indi- 
cate that graphene is a more weakly interacting 
system than previously assumed and that the 
mobility of graphene may currently be limited 
by some phenomenon other than scattering from 
charged impurities. 
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Large-Area Three-Dimensional 
Molecular Ordering of a Polymer 
Brush by One-Step Processing 


Nobuhiko Hosono,”” Takashi Kajitani,? Takanori Fukushima,* Kazuki Ito,? Sono Sasaki,’ 


Masaki Takata,?"* Takuzo Aida?’2* 


Rational molecular design and processing, enabling large-area molecular ordering, are important for 
creating high-performance organic materials and devices. We show that, upon one-step hot-pressing with 
uniaxially stretched Teflon sheets, a polymer brush carrying azobenzene-containing mesogenic side chains 
self-assembles into a freestanding film, where the polymer backbone aligns homeotropically to the film 
plane and the side chains align horizontally. Such an ordered structure forms through translation of a 
one-dimensional molecular order of the Teflon sheet and propagates from the interface macroscopically 
on both sides of the film. The resultant wide-area bimorph configuration allows the polymer film to bend 
rapidly and reversibly when the azobenzene units are photoisomerized. The combination of polymer brushes 
with hot-pressing and Teflon sheets provides many possibilities in designing functional soft materials. 


dimensional (3D) molecular ordering, realized 

by programmed spontaneous assembly of ded- 
icated functional molecules, is crucial to the ac- 
tivities of living organisms. This notion has inspired 
chemists to develop methods for tailoring elaborate 
molecular assemblies over a macroscopic length 
scale, because they are considered promising for 
creating cutting-edge organic materials and devices 
(/-3). Examples include shear forces, external 
fields, and patterned surfaces, which allow 1D mac- 
roscopic ordering of certain polymers and liquid 
crystalline molecules (4-10). However, neither 
rational molecular design strategy nor processing 
methodology has yet been developed for 3D or- 
dering of large and/or complex molecules in mac- 
roscopic solid materials. We report a serendipitous 


I: biological systems, long-range three- 
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discovery that hot-pressing of a certain polymer 
brush, sandwiched by uniaxially stretched Teflon 
sheets, affords a freestanding film, in which a 3D 
molecular order with a remarkably high structural 
integrity develops widely in a macroscopic length 
scale (Fig. 1). The width of the film, fabricated 
by this easy processing, is in principle unlimited. 

The polymer brush consists of a polymeth- 
acrylate backbone densely grafted to paraffinic 
side chains containing three azobenzene units 
that then wrap around the backbone (poly-1, 
Fig. 1B). Due to a size-exclusion effect, grafted 
side chains tend to be expelled from the poly- 
mer backbone, whereas the backbone itself is 
likely extended (//—/3). Consequently, the poly- 
mer brush adopts a cylindrical shape (Fig. 1C). 
Azobenzene is a frequently used photochromic 
motif, which undergoes molecular deformations 
associated with its trans-to-cis and reverse isom- 
erizations upon irradiation with ultraviolet (UV) 
and visible light, respectively (4-16). As exem- 
plified by the pioneering work of Ikeda and co- 
workers (17, 18), incorporation of azobenzene 
units into cross-linked polymer networks affords 
liquid crystalline elastomers capable of photo- 
actuation. In all successful examples (/7—21), 


the photomechanical effect relies on a phase tran- 
sition between liquid crystal and isotropic phases 
triggered by the azobenzene isomerization. Our 
interest in the present work was to explore the pos- 
sibility that polymer brushes, which can accommo- 
date multiple azobenzene units in their densely 
packed side chains, might show a photomechan- 
ical response even without cross-linking. However, 
a freestanding cast film of poly-1 did not respond 
to light irradiation. We wondered whether this 
result might be due to a roughness of the cast 
film. So, the cast film was sandwiched by Teflon 
sheets and hot-pressed. The resulting film under- 
went a reversible bending motion upon alternate 
irradiation with UV and visible lights. We also no- 
ticed that this photomechanical response hardly 
emerges when the Teflon sheets are arranged in 
such a way that their drawing directions are or- 
thogonal to one another. 

Poly-1 was obtained by free-radical polym- 
erization of 1 (Fig. 1A and fig. $1) (22). In dif- 
ferential scanning calorimetry (DSC), poly-1 
showed, on cooling from its isotropic melt, two 
exothermic peaks at 120° and 103°C (fig. S2), 
indicating the presence of a mesophase. Syn- 
chrotron radiation small-angle x-ray scattering 
(SAXS) of a bulk sample of poly-1, prepared by 
heating to its hot melt followed by cooling to 
the mesophase temperature in a glass capillary 
(22), displayed clear reflection peaks (Fig. 2A) 
assignable to a 2D rectangular lattice (space 
group; P2,/a, Fig. 2B) with lattice parameters 
a and b of 218(5) and 147(1) A, respectively. 
Judging from the magnitudes of a and b, the 
cylinders of poly-1 most likely deform ellip- 
tically to some extent and align parallel to one 
another without entanglement of their side 
chains. The SAXS pattern hardly changed when 
the sample was allowed to solidify by cooling 
down to room temperature (fig. S3A). Mean- 
while, in a wide-angle region (fig. S3B), a broad 
peak with a d-spacing of 4.4 A split into two 
(5.0 and 4.3 A) upon solidification of the mate- 
rial, suggesting that the azobenzene-containing 
paraffinic side chains of poly-1 are structured. 

When poly-1 was thermally treated by hot- 
pressing with stretched Teflon sheets, a film 
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with unidirectionally aligned polymer lattices on 
both sides resulted (Fig. 1, D and E). Typically, 
a cast film of poly-1 (1 mg) from its CHCl; so- 
lution (1 mg/mL) was sandwiched between two 


Teflon sheets (10 cm by 10 cm) in such a way 
that their drawing directions were parallel to one 
another (Fig. 2C, left). Then, hot-pressing was 
conducted under 0.3 MPa at 115°C (mesophase) 
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Fig. 1. Molecular formulae of (A) monomer 1 and (B) poly-1. (C) Schematic illustration of poly-1 
adopting a cylindrical shape. (D) Schematic illustrations of the procedure for hot-pressing of poly-1 
with uniaxially stretched Teflon sheets, together with those of plausible molecular events upon hot- 
pressing. (E) Schematic illustration of the molecular arrangement in a hot-pressed film of poly-1. Blue 
arrow denotes the drawing direction of the Teflon sheet for hot-pressing. 


Fig. 2. SAXS data of poly-1. A 
Miller indices are given in 
parentheses. (A) 1D SAXS 
pattern of a powdery sam- 
ple of poly-1 in a capillary, 
measured at 115°C (meso- 
phase) on cooling from its 
isotropic melt. (Inset) A scat- 
tering profile in a wide-angle 
region. (B) Schematic illus- 
tration of a 2D rectangular lattice of poly-1. (C) Schematic illustration of hot-pressed films 
(orange) prepared with parallel (left) and orthogonally (right) arranged Teflon sheets (gray). 
Green and blue arrows denote the drawing directions of the upper and lower Teflon sheets 
for hot-pressing, respectively. Black arrows represent orientation the directions of the a and 
b axes of a rectangular lattice of poly-1. The (100) plane shows in sky blue for clarity. (D) 
Through-view 2D SAXS images at 25°C of 5-um-thick hot-pressed films prepared with 
parallel (left) and orthogonally (right) arranged Teflon sheets. (E) Through-view (left) and 
edge-view (right) 2D SAXS images of a 10-um-thick hot-pressed film of poly-1 prepared with 
parallel-arranged Teflon sheets. White arrows represent orientation directions of the a and b 
axes of a rectangular lattice of poly-1. 
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after short heating at 130°C for complete melt- 
ing (Fig. 1D). To realize a large-scale macroscopic 
ordering, the sample has to be hot-pressed for 
a certain period (e.g., 1 hour) at the mesophase 
temperature. The hot-pressed sample was al- 
lowed to cool to 25°C, affording a freestanding 
film with a thickness of 5 um. When this film 
was exposed to a synchrotron x-ray beam along 
a perpendicular direction to the film surface, a 
through-view 2D SAXS image shown in Fig. 
2D (left) was obtained (22), which is character- 
istic of a rectangular lattice structure (P2,/a). At 
25°C, the lattice parameters [a = 216(4) A, b = 
154(2) A] were identical to those observed for 
the bulk sample of poly-1 (fig. S3A). The ob- 
served diffuse spots in the SAXS image were 
assigned to the reflections from the (Ak/) = (110), 
(210), (020), and (130) planes. The positions 
of these spots clearly indicate that the rectan- 
gular lattices in the polymer film are oriented 
unidirectionally in such a way that their 5 axis is 
parallel to the drawing direction of the Teflon 
sheets used for hot-pressing (Fig. 1E and Fig. 
2C, left). Most symbolically, the diffuse spots 
from the (020) plane in Fig. 2D (left) are ex- 
plicitly observed only in the equatorial direction, 
which is identical to the drawing direction of the 
Teflon sheets. Notably, by integration of the 2D 
SAXS data (Fig. 2D, left, and fig. S4A), we 
found that the macroscopic order of the polymer 
lattice develops almost entirely (90%) over the 
film. The lattice orientation upon hot-pressing is 
a result of the structural transfer at the poly-1/ 
Teflon sheet interface and most likely develops 
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toward the inner side of the film equally from 
both sides. Taking into account the degree of 
lattice orientation (90%) along with the film 
thickness (5 um), the processed film certainly 
adopts a bimorph configuration, where a 0.4-11m- 
thick randomly oriented interior layer is sand- 
wiched by 2.3-um-thick unidirectionally oriented 
exterior layers (fig. S4A). 

To investigate the molecular orientation in 
the depth direction, we likewise processed a 
10-um-thick film (23) capable of affording an 
edge-view SAXS image. Although this film dis- 
played an anisotropic through-view 2D SAXS 
pattern (Fig. 2E, left) analogous to that ob- 
served for the 5-m-thick version (Fig. 2D, left), 
it showed a lower degree of lattice orientation 
(51%) (fig. S4B). However, this is reasonable, 
provided that the film is bimorph, having uni- 
directionally oriented exterior layers with a thick- 
ness comparable to that of the 5-um-thick 
version. Fortunately, its edge-view SAXS image 
revealed that cylinders of poly-1 align homeo- 
tropically with respect to the Teflon sheets used 
for hot pressing (Fig. 1, D and E). Thus, upon 
stepwise rotation of the film around the b axis, 
the diffuse spots from all the planes except 
(020) became less intense. When the film plane 
was set parallel to the direction of the incident 
x-ray beam (edge-view position), only the (020) 
spots were observed (Fig. 2E, right). The homeo- 
tropic alignment of poly-1 is surprising, because 
1D polymers and cylindrical objects such as 
columnar liquid crystalline assemblies tend to 
align horizontally. 

Further investigations using polarized light 
demonstrated that not only the polymer lattices 
but also the azobenzene units of poly-1 in the 
hot-pressed film align anisotropically over the 
film plane. Polarized optical microscopy (POM) 
of the film under crossed polarizers showed a 
contrast at every 45° on rotation (fig. SSA), giv- 
ing a completely dark image when the azimuthal 
angles 8 between the polarizing direction of 
the incident light and the drawing direction of 
the Teflon sheets were 0° and 90°. Polar plots 
of the relative absorbance (4,1) of the hot-pressed 
film at 500 nm versus @ displayed a dichroic 
feature with a maximum at @ = 0° and 180° (Fig. 
3A). Likewise, in polarized infrared spectrosco- 
py, the stretching vibration bands due to the azo- 
benzene groups of poly-1 showed analogous 
absorbance ellipsoids (Fig. 3B and fig. S6). From 
these observations, it is clear that the grafted side 
chains containing azobenzene units are oriented 
along the drawing direction of the Teflon sheets 
(Fig. 1E). 

The hot-pressed film of poly-1 rolls up and 
flattens upon irradiation with UV and visible 
lights alternately. Thus, when the film (5 mm by 
6 mm by 10 um) was held horizontally and ex- 
posed to UV light (A = 360 + 2 nm) from its 
upper side, the free edge of the film was quickly 
lifted up to form a concave shape (Fig. 4A). The 
photoactuation took place along the orientation 
direction of the azobenzene units, that is, the 


drawing direction of the Teflon sheets used for 
hot-pressing. This means that the macroscopic 
processing can determine the bending direc- 
tion of the film. The bending motion subsided 
in 10 s to furnish a 2.5-mm displacement at the 
film edge. Although this concave shape was 


Fig. 3. Polar plots of (A and C) elec- 


: : 1. 
tronic and (B and D) infrared ab- ie 
sorption intensities, recorded upon = nn 


rotation of a polarizer at every 5°, 
for hot-pressed films of poly-1 pre- 
pared with (A and B) parallel and 
(C and D) orthogonally arranged 
Teflon sheets. The azimuthal angle 
6 is defined as zero when the polar- 
izing direction of the incident light C 


is parallel to the drawing direction BS 
of the upper Teflon sheet. For (A) 3 i 
and (C), the intensities of an ab- 12 


sorption tail of azobenzene (A,\) 
at 500 nm, normalized relative to 
those observed at 8 = 90°, were 
used. For (B) and (D), the intensities 
of stretching vibration bands due to 
ester C=O (1716 cm +; red), azo- 


maintained after the excitation light was turned 
off, the film, upon subsequent exposure to visi- 
ble light (A = 480 + 2 nm), immediately started 
to deform toward an opposite direction to recov- 
er the initial flat shape within 8 s. The bending 
and flattening motions are reversible and re- 
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benzene Ca,—Ca, (1600 cm“; blue), ester C—O (1275 cm“; green), and ether Cq,—O (1254 cm’; yellow) 
were used (see fig. $6). Green and blue arrows denote the drawing directions of the upper and lower 


Teflon sheets for hot-pressing, respectively. 
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Fig. 4. Photomechanical responses of hot-pressed films of poly-1 prepared with parallel and 
orthogonally arranged Teflon sheets. (A) Photographs of a hot-pressed film (5 mm by 6 mm by 10 um) 
prepared with parallel-arranged Teflon sheets before (left) and after (right) exposure to UV light (A = 
360 + 2 nm). The bent film recovered the initial flat shape upon exposure to visible light (A = 480 + 
2 nm). (B) Time-dependent change in displacement of the free edge of a hot-pressed film prepared 
with parallel-arranged Teflon sheets upon alternating irradiation with UV and visible lights. (C and D) 
Schematic illustrations of tensile and contractile strains generated on one side of the films prepared 
with (C) parallel and (D) orthogonally arranged Teflon sheets. 
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peatable (Fig. 4B). After 50 repetitions of this 
bending cycle, the film still preserved its photo- 
responsiveness, although the displacement was 
decreased by 85% from that of the initial one 
(fig. S7). Considering a large absorption coef- 
ficient of the azobenzene units, only a limited 
number of the polymer molecules, located most 
likely in the photoirradiated surface region of 
the film, are eligible for photoisomerization. In 
fact, in a fully bent state of the film after a 10-s 
exposure to UV light, the content of photoisom- 
erized azobenzene units (1.5%), as determined 
by 'H nuclear magnetic resonance spectroscopy, 
was surprisingly small (24, 25). 

Only a limited photomechanical bending mo- 
tion of the hot-pressed film of poly-1 occurs 
when the drawing directions of the Teflon sheets, 
used for hot pressing, are orthogonal to one an- 
other (Fig. 2C, right). We found that, upon rota- 
tion under crossed polarizers, the hot-pressed 
film thus obtained does not display any angle- 
dependent contrast in polarized optical microsco- 
py (fig. SSB). Furthermore, polarized absorption 
(Fig. 3C) and infrared spectra (Fig. 3D and fig. 
S6) of this film were not dichroic. Based on these 
results, we initially thought that the polymer mol- 
ecules in the film were poorly ordered. However, 
the film displayed a clear 2D SAXS pattern (Fig. 
2D, right) assignable to a rectangular lattice of 
poly-1, and the degree of lattice orientation was 
again 90% (fig. S4C). Although these structural 
profiles are identical to those of the films pro- 
cessed using parallel-arranged Teflon sheets, we 
observed, in axial as well as equatorial positions, 
equally intense (020)-diffuse spots (Fig. 2D, 
right), indicating that the rectangular lattices on 
both sides of the film are oriented orthogonally 
to one another (Fig. 2C, right). Why, then, is this 
film not active photomechanically? After strug- 
gling, we found that the hot-pressed films possess 
particular strains that compete with one anoth- 
er. On cooling poly-1 from its hot-pressed state 
to room temperature, each oriented polymer lat- 
tice expands (with respect to the b axis; 147 > 
154 A) and contracts (with respect to the a axis; 
218 — 216 A) along and across the drawing 
direction of the Teflon sheet, respectively. These 
dimensional changes result in generation of ten- 
sile and contractile strains, respectively, on both 
sides of the film (Fig. 4, C and D). When the 
drawing directions of the Teflon sheets for hot 
pressing are orthogonal to each other, the tensile 
and contractile strains generated on one side of 
the film are orthogonal to those, respectively, on 
the other (Fig. 4D). We noticed this fact because 
a square-shaped film of poly-1, processed by 
orthogonally arranged Teflon sheets, spontane- 
ously rolled up as soon as it was cut into two 
pieces (fig. S9B). Obviously, this spontaneous 
deformation is a result of the breakdown of a 
balance between the competing strains on the 
front and back sides of the film. Upon trans-to- 
cis isomerization of poly-1 by UV light, each 
polymer lattice located on the photoirradiated 
side of the film contracts along its b axis, there- 
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by releasing the tensile strain. Consequently, the 
film tries to bend into a concave shape. How- 
ever, the parallel strain on the other side of the 
film is contractile and does not assist the film 
to bend (Fig. 4D). A totally opposite situation 
exists in the film obtained with parallel-arranged 
Teflon sheets, where the tensile and contractile 
strains generated on one side of the film are par- 
allel to those, respectively, on the other (Fig. 4C). 
Thus, cutting the film into two pieces does not 
result in upsetting the balance between these com- 
peting strains (fig. S9A). However, when the ten- 
sile strain on the photoirradiated side of the film 
is released by isomerization of poly-1, the com- 
peting tensile strain on the other side of the 
film prevails and assists the film to bend into a 
concave shape (Fig. 4C). Thus, only a very small 
degree of the azobenzene isomerization (1.5%) 
generates a large macroscopic motion of the film. 

In the Teflon sheet employed, polytetrafluoro- 
ethylene (PTFE) molecules are oriented along 
the drawing direction. Most likely, this structural 
information is transferred to the bulk layer of 
poly-1 at the interface, so that the azobenzene- 
containing side chains of poly-1 are oriented along 
the drawing direction of the Teflon sheet. Such 
a primary side-chain ordering forces the polymer 
main chain to align homeotropically to the film 
plane (Fig. 1, D and E). Namely, the role of the 
polymer brush as a scaffold is to translate a 1D 
structural order of the Teflon sheet into a 3D mo- 
lecular order in the processed polymer film. In re- 
lation to this notion, we confirmed that the monomer 
of poly-1 (1, Fig. 1A), likewise hot-pressed, aligns 
along the drawing direction of the Teflon sheet, 
affording a lamellar structure with an interlayer 
distance (87 A) comparable to the molecular length 
of 1 (fig. S10). The importance of side-chain or- 
dering of poly-1 is supported by the fact that a 
reference polymer (poly-2) (22) with only a sin- 
gle azobenzene unit in its side chains did not 
align by hot pressing. Hot-pressing using rubbed 
polyimide films, instead of stretched Teflon sheets, 
did not result in orientation of poly-1. 

From a general point of view, one-step 3D 
structural ordering of functional groups in a 
macroscopic length scale, readily achieved by 
combining a polymer brush as a scaffold with 
uniaxially stretched Teflon sheets, provides many 
new possibilities in the design of advanced func- 
tional materials. Of particular interest are bimorph 
polymer films, where the relative orientation of 
aligned functional groups on one side to the other 
can be controlled freely by the arrangement of 
two Teflon sheets for hot-pressing. The importance 
of such a bimorph configuration is clearly demon- 
strated by the fact that the remarkable photo- 
mechanical motion occurs only when the polymer 
lattices on both sides of the bimorph film align 
parallel to one another. The photomechanical re- 
sponse, thus observed, may also update the com- 
mon perception on photomechanical soft materials 
(26-29) that covalent cross-linking of photo- 
active molecular components is always essential 
for exerting macroscopic motions (/7—2/). 
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Broken-Symmetry States 
in Doubly Gated Suspended 


812 


Bilayer Graphene 


R. T. Weitz, M. T. Allen, B. E. Feldman, J. Martin, A. Yacoby* 


The single-particle energy spectra of graphene and its bilayer counterpart exhibit multiple 
degeneracies that arise through inherent symmetries. Interactions among charge carriers should 
spontaneously break these symmetries and lead to ordered states that exhibit energy gaps. In the 
quantum Hall regime, these states are predicted to be ferromagnetic in nature, whereby the system 
becomes spin polarized, layer polarized, or both. The parabolic dispersion of bilayer graphene 
makes it susceptible to interaction-induced symmetry breaking even at zero magnetic field. We 
investigated the underlying order of the various broken-symmetry states in bilayer graphene 
suspended between top and bottom gate electrodes. We deduced the order parameter of the 
various quantum Hall ferromagnetic states by controllably breaking the spin and sublattice 
symmetries. At small carrier density, we identified three distinct broken-symmetry states, one of 
which is consistent with either spontaneously broken time-reversal symmetry or spontaneously 


broken rotational symmetry. 


ventional quantum Hall effect arises from 

the chiral nature of the charge carriers in 
these materials (/—6). In monolayers, the sequence 
of Hall plateaus is shifted by a half integer, and 
each Landau level (LL) is fourfold degenerate 
due to spin and valley degrees of freedom. The 
latter valley degree of freedom refers to the 
conduction and valence bands in single-layer 
graphene forming conically shaped valleys that 
touch at two inequivalent Dirac points. In bi- 
layer graphene, an even richer picture emerges 
in the lowest LL caused by an additional degen- 
eracy between the zeroth and first orbital LLs, 
giving rise to an eightfold degeneracy. Systems 
in which multiple LLs are degenerate give rise 
to broken-symmetry states caused by electron- 
electron interactions (7). Such interaction-induced 
broken-symmetry states in the lowest LL of bi- 
layer graphene have been theoretically predicted 
(8, 9) and experimentally observed (/0—/4), but 
the nature of their order parameters is still de- 
bated. For example, two possible order param- 
eters that have been suggested for the gapped 
phase at filling factor v = 0 at large magnetic 
fields are either layer or spin polarization (9). 
Moreover, recent theoretical studies predict that 
even in the absence of external magnetic and 
electric fields, the parabolic dispersion of bilayer 
graphene can lead to broken-symmetry states that 
are induced by interactions among the charge 
carriers (/5—22). In this work, we map out the 
various broken-symmetry states as a function of 
external magnetic and electric field. The nature 
of these phases can be deduced by investigating 
their stability under the variation of these 
symmetry-breaking fields. 


I: mono- and bilayer graphene, an uncon- 
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The observation of broken-symmetry states 
driven by effects of interaction is hampered by 
the presence of disorder and requires high sam- 
ple quality. We have developed a method in which 
bilayer graphene is suspended between a top 
gate electrode and the substrate. This approach 
allows us to combine the high quality of sus- 
pended devices with the ability to independently 
control electron density and perpendicular elec- 
tric field E,. 

A false-color scanning electron micrograph 
of a typical device is shown in Fig. 1A. The 
suspended graphene (red) is supported by gold 
contacts (yellow). Suspended top gates (blue) can 
be designed to cover only part of the graphene 
(left device) or to fully overlap the entire flake 
(right device), including part of the contacts. We 
have investigated both types of devices, which 
show similar characteristics. The fabrication of 
such two-terminal devices is detailed in the Sup- 
porting Online Material (23) and is schemati- 
cally illustrated in Fig. 1A. To improve sample 
quality, we current anneal (24, 25) our devices 
in vacuum at 4 K before measurement. 

The high quality of our suspended flakes is 
evident from the dependence of resistance ver- 
sus applied electric field at zero magnetic field. 
As theoretically predicted (26-28) and experi- 
mentally verified in transport (29, 30) and opti- 
cal (30-32) experiments, an applied perpendicular 
electric field E, opens a gap A ~ dE,/k in the 
otherwise gapless dispersion of bilayer graphene, 
as schematically shown in the lower left inset 
to Fig. 1B. Here, d is the distance between the 
graphene sheets and & is a constant that accounts 
for imperfect screening of the external electric 
field by the bilayer (79, 26, 28). The conduct- 
ance of our suspended bilayer graphene sheet 
at 100 mK as a function of back (V;,) and top 
gate (V,) voltage is shown in Fig. 1B. The open- 
ing of a field-induced band gap is apparent from 
the decreased conductance at the charge neu- 


trality point with increasing applied electric field 
E, = (al, — BV,)/2ee9. Here, a and B are the 
gate coupling factors for V, and V,, respectively, 
which we determine from the Landau fan in the 
quantum Hall regime, e is the electron charge, 
and €o is the vacuum permittivity. 

The presence of an energy gap is also illus- 
trated by the line cut in Fig. 1C, which shows 
the resistance at constant E, as a function of 
total density n = (aV, + BV). By varying the 
density, the resistance can be changed by a 
factor 10°. Line traces of the maximum sheet 
resistance as a function of E, at various tem- 
peratures (Fig. 1D) illustrate the exponential de- 
pendence of the resistance on electric field, as 
well as a decrease in resistance with temperature. 
The sheet resistance at 100 mK increases by 
more than a factor of 2 x 10° (from 8 kilohm per 
square to 20 megohm per square) for E, between 
20 and 90 mV/nm. Compared to previous mea- 
surements of dually gated graphene bilayers em- 
bedded in a dielectric (29), our measurements 
show an increase by a factor of 10° in resistivity 
at the same electric field, which is the result of 
the high quality of our flakes. The unexpected 
finding of a nonmonotonous dependence of the 
resistance at small applied electric field will be 
discussed below. The oscillations in the conduct- 
ance traces shown in Fig. 1C are repeatable 
and result from mesoscopic conductance fluctu- 
ations. A detailed description of the temperature 
dependence of the resistance and of these fluc- 
tuations is presented in figs. S1 and S2 (23). 

The evolution of different LLs in our sam- 
ples at nonzero magnetic field was revealed by 
measuring conductance as a function of E,. The 
two-terminal conductance as a function of den- 
sity and electric field at various different mag- 
netic fields (Fig. 2, A to D) shows the previously 
reported eightfold degeneracy of the lowest LL, 
which is fully lifted because of electron-electron 
interactions (10, 11, 14, 23). Plateaus at v = 0, 
+1, +2, +3 can be identified by their slope in a 
fan diagram. Vertical line cuts that correspond to 
a constant filling factor show that the conduct- 
ance is quantized except at particular values of 
electric field, denoted by stars or dots in Fig. 2, 
A to D. The v = 0 state is quantized except near 
two values of the applied electric field (marked 
with dots). This value of electric field increases 
as the magnetic field B increases. The v = +2 
state is quantized for all electric fields except 
near E, = 0; finally, the v = +4 state is quantized 
for all electric fields. 

A qualitative understanding of this phenom- 
enology can be gained from a simplified scheme 
of the LL energies as a function of electric field 
(Fig. 2E, gray lines) for nonzero magnetic field. 
We start by neglecting the breaking of the or- 
bital degree of freedom so that the LLs are each 
doubly degenerate (6). We assume, in accord- 
ance with theoretical predictions, that at E, = 0 
only the spin degeneracy is lifted, giving rise 
to a spin-polarized v = 0 quantum Hall ferro- 
magnetic state (9, 19). In (23), we have detailed 
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how our experimental data support this assumed 
sequence of degeneracy breaking. In the lowest 
LL, the layer and valley index are equivalent (6) 
so that an electric field that favors one of the 
layers directly controls the valley-pseudospin. 
As a result, LLs of quantum number U (upper 
layer) or L (lower layer) are expected to have 
different slopes in electric field. At several points, 
marked by dots or stars in the schematic of Fig. 
2E, LL crossings occur. A LL crossing is seen 
at E, = 0 for both v = 2 and v = —2, and two 
LL crossings are seen for v = 0 at nonzero E,. 
We hypothesize that these crossings are re- 
sponsible for the increased conductance in our 
transport experiments (33). Figure 2E shows 
the LL energy, whereas we have direct control 
over the density of the bilayer rather than its 
chemical potential. However, on a quantum Hall 
plateau, the chemical potential lies between two 
LL energies, which enables us to relate our 
scheme in Fig. 2E to our transport data as de- 
tailed below [see fig. S3 (23)]. 

The LL crossings at zero average carrier 
density are marked by dots in Fig. 2. In our pro- 
posed scheme, these transitions separate a spin- 
polarized v = 0 state at low electric fields (1) from 
two layer-polarized v = 0 states at large electric 
fields (II) of opposite layer polarization. The line 
cut in Fig. 2C at constant filling factor shows 
that insulating v = 0 states are well developed at 
zero electric field and at large electric fields, but 


Fig. 1. (A) False-color scanning 
electron micrograph of a bilayer 
graphene flake suspended be- 
tween Cr/Au electrodes with 
suspended Cr/Au top gates. A 
schematic of a cross section along 
a line marked by the two arrows 
is shown on the right, including 
a brief depiction of the sample 
fabrication. We used a three- 
step electron-beam lithography 
process in which Cr/Au contacts 
are first fabricated on the bilayer 
graphene, followed by deposition 
of a SiO2 spacer layer on top of 
the flake and finally the struc- 
ture of a Cr/Au topgate above the 
SiO. layer. Subsequent etching 
of part of the SiO. leaves the 
graphene bilayer suspended be- 
tween the top and bottom gate 
electrodes. (B) Conductance map 
as function of top and bottom 
gate voltage at T= 100 mK of a 
suspended bilayer graphene flake. 
(©) Line trace along the dashed 
lines in (B) showing the sheet 
resistance as a function of charge 
carrier density at constant electric 
field. (D) Traces of the maximal 
sheet resistance at the charge 
neutrality point as a function of 
applied electric field at different 
temperatures. 
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the crossover between these states is marked by a 
region of increased conductance. The experimen- 
tally observed large resistance of the phase at FE, = 
0 (10, 11) is at variance with the theoretical pre- 
diction of percolating edge modes (34) in the case 
of a spin-polarized v = 0 state. A possible reason 
for this discrepancy is the mixing of counter- 
propagating edge modes and subsequent opening 
of a gap (35). 

The LL crossings at v = +2 near zero electric 
field are marked by stars in Fig. 2. An example 
of such a crossing is apparent in the vertical line 
cut shown in Fig. 2B. There, the conductance at 
v = +2 increases near zero electric field, which 
is explained in our scheme by a crossing be- 
tween two LLs of identical spin polarization but 
opposite layer polarization. The consequence of 
these crossings is that only v = 0 and v = +4 states 
occur at zero electric field, whereas layer-polarized 
v = +2 states emerge only at finite electric field, as 
is apparent in the horizontal line cuts of Fig. 2B. 

Assuming that the v= +1 and +3 states are 
partially layer polarized (9), the electric field 
should also induce a splitting at these filling 
factors (inset to Fig. 2E) that is, however, more 
fragile and only seen at higher magnetic fields. 
Our simple model predicts that the v = +3 state 
will have a crossing at zero electric field, and we 
attribute the increase in conductance at £,= 0 in 
the left line cut in Fig. 2D to be a signature of 
this crossing. A line cut at v = +3 at even higher 
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magnetic field showing a better quantization is 
shown in fig. S4 (23). The v = +1 state is ex- 
pected to have three crossings: one at zero elec- 
tric field and two near the same nonzero electric 
field at which the transition between the v = 0 
states is observed. All three of these crossings 
are apparent from the regions of increased con- 
ductance in the right line cut in Fig. 2D. The ob- 
servation that v = +1 and +3 states are enhanced 
with electric field is an indication of their partial 
layer polarization. Theory nonetheless predicts 
that v = +1, +2, +3 should also be seen at EF, = 0 
(9). However, the predicted energy gaps of these 
states are expected to be considerably smaller 
than that of v = 0 and hence visible only at large 
magnetic field. Indeed, for B > 4 T, these broken- 
symmetry states at E, = 0 can also be observed 
in our data [see fig. S4 (23)]. 

When we examine the conductance at the 
charge neutrality point as a function of electric 
and magnetic field (Fig. 3A) in more detail, we 
observe that regions of high conductance mark 
the transition between the low- and high-field v = 
0 states (highlighted with dots in Fig. 2). The tran- 
sition moves out to larger electric fields as the 
magnetic field is increased, which implies that 
phase I is stable at large magnetic fields and is 
destabilized by an electric field. This observation 
is also consistent with our energy diagram (Fig. 
2E), which predicts that the v = 0 LL crossing 
will move out to higher electric fields when the 
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magnetic field increases. The increased stability of 
this phase at higher magnetic fields reconfirms our 
initial assumption that phase I is spin polarized. In 
contrast, the phase at large electric fields (phase II) 
is stabilized by an electric field, consistent with it 
being layer polarized. 

The dependence of the transition region be- 
tween the two phases on electric and magnetic 
field is shown more clearly in Fig. 3B, where 
we have extracted the maximum conductance in 
Fig. 3A for all positive values of electric field. 
At large magnetic field, the transition line is 
linear and is independent of sample quality and 
temperature (we have investigated a total of five 
samples at temperatures between 100 mK and 
5 K). At magnetic fields below about 2 T, how- 
ever, the transition line is linear only in the highest- 
quality sample and at low temperatures (inset to 
Fig. 3A and dashed line in Fig. 3B). A surprising 
observation is that the extrapolation of the linear 
dependence from high B down to B = 0 results in 
a crossing at a nonzero electric field, Egg. More- 
over, the slope and Ey, that characterize the large 
B behavior seem to have no systematic depen- 
dence on sample quality or temperature T (Fig. 3, 
C and D). The conductance at the transition be- 
tween the v = 0 phases decreases both with in- 
creasing B as well as with decreasing T [see fig. 
S5 (23)]. Such behavior is qualitatively expected 
given that LL mixing at these crossing points 
can lead to the opening of gaps in the spectrum. 

To further elucidate the nature of the transi- 
tion, we investigated the role of the Zeeman en- 
ergy E, across the v = 0 transition in detail. We 
tilted the sample with respect to the magnetic field, 
which altered E, but left all interaction-dependent 
energy scales the same. Figure 3B shows both 
measurements under titled magnetic field (green 
line) and data taken in purely perpendicular field 
(blue line). The two transition lines have similar 
slopes, which indicates that E, is negligible and 
the transition predominantly depends on the per- 
pendicular component of the magnetic field, un- 
derscoring that exchange effects and the LL 
degeneracies play an important role. However, this 
explanation does not account for the B = 0 offset. 

The crossover between two phases with the 
application of an electric field has also been 
predicted theoretically by Gorbar et al. (36) and 
Nandkishore and Levitov (/9). Gorbar ef al. 
(36) predict a transition from a quantum Hall fer- 
romagnetic state at low electric fields to an insu- 
lating state dominated by magnetic catalysis with 
a slope of about 2 mV nm | T '. Nandkishore and 
Levitov (/9) predict a transition from a quantum 
Hall ferromagnetic state to a layer insulating 
state at large electric fields, with a slope of 34 
mV nm | T! . Our measured slope is about 11 
mV nm | T '. A qualitative comparison between 
the experimentally obtained values and the theory 
is difficult because of the lack of knowledge of 
the screening that the bilayer provides to the 
applied electric field once LLs are formed. 

A notable feature seen in the inset to Fig. 3A 
and in Fig. 3B is that the transition line appears to 


have a nonzero offset in electric field, Eyg ~ 20 
mV/nm. The B = 0 offset coincides with the 
extrapolated one from high fields when the sam- 
ple quality is high and the temperature is low. 
This result suggests that the transition from a 
spin- to a layer-polarized phase persists all the 
way down to B = 0, but careful measurements 
near B = 0 and E, = 0 (Fig. 4A) show that this 
conclusion is incorrect. We will discuss possible 
origins for Eg in the remainder of this manuscript. 

The conductance close to the charge neutral- 
ity point at small electric and magnetic fields is 
shown in Fig. 4A. The conductance at B = 0 
and E, = 0 exhibits a local minimum and in- 
creases upon increase of E, and B. The electric 
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field value at which the conductance reaches a 
maximum coincides with Ey, Together with ob- 
servation of a maximum of the conductance at 
a finite value Bog = +50 mT, our observations 
suggest that neither the spin-polarized phase I 
nor the layer-polarized phase II extend down to 
B=0and £, =0. Instead, our measurements are 
consistent with the presence of a third phase at 
small electric and magnetic fields. The electric 
field dependence of the resistance is at variance 
with simple calculations of the band structure 
of bilayer graphene. In a tight binding model, 
bilayer graphene is expected to evolve from a 
gapless semimetal to a gapped semiconductor 
whose gap magnitude depends monotonically 
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Fig. 2. (A to D) Maps of the conductance in units of e’/h as a function of applied electric field F, and 
density n at various constant magnetic fields at T = 60 mK. Line traces are taken from the data along 
the dashed lines. Horizontal line traces correspond to cuts at constant electric field; vertical line cuts 
correspond to cuts along constant filling factor. In (B), the orange line cut corresponds to the electric 
field dependence of v = 0 and the vertical line cuts to the density dependence of the conductance at 
two constant electric fields showing the emergence of v = 2 at large electric fields. In (C), the red 
vertical line cut corresponds to the electric field dependence of v = 0. The horizontal line cuts in green 
and blue show the density dependence of the conductance at two different electric fields showing the 
suppression of the v = 0 state at a finite electric field. In (D), the brown (violet) line cut shows the 
conductance as function of electric field at v = 1 (v = 3). (E) Schematic diagram of the energetic 
position of the lowest LL octet (gray lines) as a function of E,. The quantum numbers U, L, t, and | of 
the LLs are indicated in the squares. The respective filling factors v are indicted in black numbers. The 
LLs in the main scheme are all doubly degenerate in orbital quantum numbers. The effect of the electric 
field on the orbital LLs is shown in the two insets. The two different v = 0 states are marked with Roman 
numerals. In all images, the crossing of LLs at zero electric field is marked with a star and the crossing 


at zero energy is marked with a dot. 
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on electric field (26). However, our measurements 
show that the conductance does not decrease 
monotonically with electric field, instead exhib- 
iting a local maximum at about +20 mV/nm 
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(Fig. 4B). The maximum resistance at B = 0 and 
close to zero carrier density as a function of E, 
for different temperatures increases as T decreases 
[see Fig. 1D and fig. S8 (23)], reaching 20 kilohm 
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Fig. 3. (A) Conductance in units of e*/h as a function of applied electric and magnetic fields at zero 
average carrier density at 1.4 K. The transition between different v = 0 states is characterized by a region 
of increased conductance. (Inset) Measurement taken at 100 mK when the sample has been tilted with 
respect to the magnetic field, plotted against the perpendicular component of the magnetic field after 
thermal cycling. The color scale of the inset ranges from 0 (blue) to 4.5 (red) e7/h. The y axis of the inset 
ranges from 0 to 1.3 T. (B) Comparison of the slope of the transition line when the sample is perpendicular 
to the magnetic field and at a 45° angle. (C and D) Comparison of the Fo and high—magnetic field slope 
of the transition line for different temperatures. Different colors correspond to different samples. 
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Fig. 4. Experimental evidence of a spontaneous gap in suspended bilayer 
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at the lowest temperature of 100 mK. It therefore 
strongly suggests that the neutral bilayer graphene 
system is already gapped at EF, = 0 and B = 0 
and that fields larger than Eos or Bog transfer the 
system into the layer- or spin-polarized phases 
(Fig. 4A). In Fig. 4B, the dependence of the 
conductance as a function of density and electric 
field at B = 0 is shown. Also in this case, a min- 
imum of the conductance at small electric field 
and density can be discerned, indicating that the 
spontaneous phase is unstable away from the 
charge neutrality point. Further experimental evi- 
dence for phase III in different samples is given 
in figs. S6 and S7 (23). The temperature depen- 
dence at the crossover field of FE, = +20 mV/nm 
is weak (Fig. 1D), consistent with the closure of a 
gap. Our observations cannot be explained with 
known single-particle effects, as detailed in (23). 

It has been pointed out theoretically (/5—22) 
that electron-electron interactions can open a 
spontaneous gap in bilayer graphene near the 
charge neutrality point at zero electric and mag- 
netic fields. Several different phases have been 
proposed, and our experimental observations 
considerably restrict the various possible theo- 
retical explanations to two prevailing theories. 
The first theory (/9) predicts a phase diagram 
very similar to what we measure. Within this the- 
ory, phase III is associated with an anomalous 
quantum Hall insulating state that spontaneously 
breaks time-reversal symmetry. This state is char- 
acterized by an antiferromagnetic ordering in the 
pseudospin (layer). In this phase, electrons from 
one valley occupy one of the layers, whereas 
electrons from the other valley occupy the other 
layer. An important feature of this state is that it 
supports topologically protected current-carrying 
edge modes and is therefore predicted to have a 
finite conductance. This prediction is consistent 
with our observations of a nondiverging resist- 
ance at B = 0 and E, = 0 as T is lowered [see 
fig. S8 (23)]. Although our observed phase dia- 
gram agrees qualitatively with that predicted 
in (19), we find a quantitative disagreement be- 
tween the measured and predicted E and B 
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function of electric field and density at zero magnetic field. (C) Two linecuts 
showing the resistivity at F = 0 and E,¢ are also shown. The scans in (B) and 
(© were taken after thermal cycling of the sample, hence the difference in the 
minimal conductance at zero magnetic and electric field with respect to (A). 
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transition values. We find that the magnetic field 
at which the spontaneous phase breaks down is 
about 50 mT, an order of magnitude smaller 
than the theoretically predicted value of 500 mT 
(19). An applied electric field of about Ejg = 20 
mV/nm quenches the spontaneous gap, com- 
pared to the predicted value of 26 mV/nm for the 
screened electric field. Notably, we need to scale 
our measured Ey by the screening constant k, 
which means that our values differ by roughly a 
factor k = 3 from the theory (/9). A second pre- 
vailing theory for the observed behavior stems 
from symmetry breaking, which results in the 
lowering of the density of states at the charge 
neutrality point. One such example is the nematic 
state that stems from the breaking of rotational 
symmetry due to electron-electron interactions. 
This phase has been predicted to lead to a de- 
creased density of states at the charge neutrality 
point due to the breaking of the system into two 
Dirac cones (2/, 22), consistent with our mea- 
sured decrease in conductance at small densities. 
Further experimental support for the above two 
scenarios is given in (/3) and elaborated in (23), 
where it is shown that known single-particle 
effects cannot explain the observed behavior. 
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Efficient Atmospheric Cleansing of 
Oxidized Organic Trace Gases 


by Vegetation 


T. Karl,?* P. Harley,” L. Emmons,” B. Thornton,” A. Guenther,” C. Basu,” A. Turnipseed,” K. Jardine? 


The biosphere is the major source and sink of nonmethane volatile organic compounds (VOCs) in the 
atmosphere. Gas-phase chemical reactions initiate the removal of these compounds from the atmosphere, 
which ultimately proceeds via deposition at the surface or direct oxidation to carbon monoxide or carbon 
dioxide. We performed ecosystem-scale flux measurements that show that the removal of oxygenated 
VOC via dry deposition is substantially larger than is currently assumed for deciduous ecosystems. 
Laboratory experiments indicate efficient enzymatic conversion and potential up-regulation of various 
stress-related genes, leading to enhanced uptake rates as a response to ozone and methyl vinyl ketone 
exposure or mechanical wounding. A revised scheme for the uptake of oxygenated VOCs, incorporated 
into a global chemistry-transport model, predicts appreciable regional changes in annual dry deposition 


fluxes. 


arge quantities of nonmethane volatile or- 

ganic compounds (NMVOCs) enter the 

atmosphere via biogenic, pyrogenic, and 
anthropogenic sources. The annual production of 
NMVOCs [~ 1200 to 1350 teragrams of carbon 
(TgC)/year) probably exceeds that of methane 
and carbon monoxide (CO) (~500 TgC/year each) 
(/, 2). Together, these gases fuel tropospheric chem- 
istry. Oxidation of NMVOCs leads to the formation 
of aerosols (3—5) and modulates the oxidation ca- 


pacity of the atmosphere (6), creating important 
climate feedbacks (7). One large uncertainty in 
constraining budgets of NMVOCs is the amount 
of deposition to vegetation, which acts as a major 
source and sink for organic trace gases on a global 
scale. This has consequences for constraining 
secondary species produced in the gas phase, 
which will either oxidize to CO and carbon dioxide 
(CO ), condense onto or form organic aerosol (OA) 
and be rained out, or directly deposit to the surface 


via dry and wet deposition. Two recent bottom-up 
assessments of the tropospheric organic aerosol 
budget (/, 3), on the basis of different assumptions 
for wet and dry deposition of organic vapors, re- 
sulted in different predictions of global production 
rates for secondary organic aerosol (SOA). 

Dry deposition schemes parameterize the 
deposition flux according to 


F=vqxC (1) 


where F represents the deposition flux, C is the 
ambient concentration, and vg is the deposition 
velocity. Deposition velocities are usually treated 
in analogy to Ohm’s Law, where vy can be ex- 
pressed as three resistances in series: 


1 


—— (2) 
R,+Ryo +R 


Va 


R, represents the aerodynamic resistance above 
the surface and has the same value for all con- 
stituents. The term R, is the quasi-laminar resist- 
ance to transport through the thin layer of air in 
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contact with surface elements and varies with the 
diffusivity of a substance. Standard micrometeor- 
ological methods and modeling approaches are 
available to calculate R, and R, (8). R, represents 
the resistance to uptake by surface elements and 
has been extensively parameterized for ozone 
(O3) and sulfur dioxide (SO2) (9). Because O3 
immediately decomposes inside plants by reduc- 
tion, a relative measure of reactivity (fo = 0 to 1) 
accounts for its loss (9). Stomatal resistance (R,) 
primarily controls the deposition of highly re- 
active compounds (/0). Because of the lack of 
observational constraints, accounting for the up- 
take of organic gases occurs in analogy to O3 and 
SO, solely on the basis of their physiochemical 
properties (solubility and reactivity) in the meso- 
phyll. As a consequence, all models treat NUVOCs 
as nonreactive or only slightly reactive species (fo = 
0 to 0.1), leading to large estimates of R, (10). 

In this report, we combine field observations 
with laboratory experiments and transport model- 
ing in order to investigate the influence of vege- 
tation on the deposition of oxygenated VOCs 
(oVOCs). oVOCs represent the most abundant 
class of organic carbon and profoundly affect the 
chemical composition in Earth’s oxidizing atmo- 
sphere. In six field experiments across a range of 
ecosystems (fig. S1), oVOCs deposited at high 


Fig. 1. Canopy resistance (R,) for 
MVK+MAC plotted versus leaf area 
index (LAI) for six field sites. The 
black solid line represents dry depo- 
sition, where the reactivity factor f, 
was set to 1 (maximum deposition). 
The dotted line shows R, with a dry 
deposition that would be conven- 
tionally used (fp = 0). LAI data are 
plotted as mean + SD (n = 10 LAI 
measurements); the SD for Rc was 
calculated as the sum of systematic 
and random errors associated with 
turbulent flux measurements (24) 
and the errors associated with in- 


Ro [s/m] 


rates. The sum of methyl vinyl ketone (MVK) and 
methacrolein (MAC), which account for about 
80% of the carbon in the initial stage of isoprene 
oxidation, exhibits the fastest deposition rates. R, 
for deciduous ecosystems is much smaller than 
predicted and falls along a trend that would be 
expected for O3 (fo = 1) (Fig. 1). This suggests that 
oVOCs, like O3, are immediately lost once they 
enter a leaf through stomata. Tropical ecosystems 
exhibit the fastest deposition rates (R.s are 2.6 to 
3.5 times smaller than predicted), and the observed 
deposition velocities for MVK+MAC are as large 
as for O3 (up to 2.4 cm/s). We measured similarly 
high-deposition fluxes for other oVOCs, including 
acetaldehyde, MVK+MAC, hydroxyacetone, gly- 
colaldehyde, C; carbonyls, and nopinone (Fig. 2). 
All oVOCs deposited on the vegetation except 
acetaldehyde, which exhibited net emissions during 
a hot period at the beginning of the study because 
it is also produced by vegetation (//). Because of 
the bidirectional exchange of acetaldehyde, vg 
should be regarded as a net deposition velocity. 
All oVOCs investigated here form during the 
photochemical oxidation of isoprene and certain 
monoterpenes. The vertical profiles suggest that 
deposition mainly occurs via uptake by vegetation 
elements, with the upper 70% of the canopy (Fig. 2) 
accounting for more than ~97% of the total de- 
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Fig. 2. (A) Canopy-integrated deposition velocity for ozone (03), Cs carbonyls (CyCHO), nopinone, 
glycolaldehyde (GLY), hydroxyacetone (HYAC), MVK+MAC, and acetaldehyde (CH3CHO) as a function of 
normalized canopy height (z/h), where a z/h of 1 represents the top of the canopy. (B) The LAI per layer. 
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position flux for all measured oVOCs. After cor- 
rection for different molecular diffusivities in air, 
the corresponding R.s of oVOCs (except acetal- 
dehyde) fall within 25% of O3. Because of the 
bidirectional exchange, R, for acetaldehyde is 
60% higher than that of O3 (Fig. 2). Large dep- 
osition fluxes imply that the internal concentra- 
tion (C;) of these oVOCs is small compared with 
the ambient concentration (C,). 

To investigate mechanisms that can potential- 
ly influence the uptake of oVOCs—in particular, 
MVK and MAC—we performed a series of leaf 
cuvette experiments with Populus trichocarpa x 
deltoides. We observed a linear flux-concentration 
relationship between the uptake (the flux) of oVOCs 
by a leaf as a function of oVOC concentration 
(figs. S3 and S5), which is indicative of enzymatic 
reactions metabolizing oVOCs. The compensation 
point (C,) of a compound, defined as the con- 
centration at which the net uptake is zero, typically 
followed an exponential increase with leaf temper- 
ature (fig. S6). When oVOCs form or decompose 
inside a leaf, the C, is typically greater than zero, 
resulting in emission below and uptake above the 
C,. The mesophyll resistance (R,,), expressed as a 
deposition velocity (v,, = 1/R,,), was highest be- 
tween 15° and 20°C, dropping substantially above 
a narrow temperature range between 25° and 28°C 
(fig. S6). The light response curves of v,, exhibited 
a functional form similar to electron transport. 

Plants possess the ability to detoxify through 
various mechanisms [via oxidative stress or con- 
version by the aldehyde dehydrogenase (ALDH) 
family]. As an example, ALDHs are a protein super- 
family of nicotinamide adenine dinucleotide phos- 
phate (NADP*)-dependent enzymes known to 
oxidize a wide range of carbonyls. ALDH enzymes 
play an important role in the detoxification of al- 
dehydes by oxidizing these to their corresponding 
carboxylic acids (/2). Stress-induced up-regulation 
of these and potentially other enzymes (such as 
various peroxidases) could help reduce concen- 
trations of aldehydes and other oVOCs that would 
otherwise build up to toxic levels. 

On the basis of exposure experiments with 
P. trichocarpa x deltoides, we suggest that chem- 
ical and mechanical stress affects uptake rates of 
acetaldehyde and MVK (Fig. 3). For both plants, 
Vm for acetaldehyde dropped during fumigation 
with MVK but changed little for MVK. The corre- 
sponding C, for acetaldehyde increased during the 
fumigation period, suggesting increased internal 
production occurring as a response to oxidative or 
metabolic stress. During MVK fumigation, con- 
version rates of aldehydes may have also decreased 
through enzyme saturation or depletion of reactive 
oxygen species (ROSs), which would explain the 
relatively small change of v,, for MVK during 
fumigation as opposed to a large increase imme- 
diately after fumigation. For the MVK experiment, 
the post-exposure v,, drastically increased for ac- 
etaldehyde (approximately twofold) and MVK 
(~20-fold), suggesting short-term up-regulation 
of metabolic activity in response to MVK exposure 
during the previous days; however, v,, decreased 
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after one day in both cases. The vy, for MVK 
increasing direct or indirect enzymatic reactions, 
rather than purely nonenzymatic reactions (such 
as Michael addition), probably regulated the meta- 
bolic consumption. MVK fumigation also resulted 
in physiological changes. After a certain exposure 
period, stomatal conductance (G,) and photo- 
synthesis dropped by 30 to 50% and 20 to 50%, 
respectively, each day. G, and photosynthesis, 
however, recovered every morning. This corrob- 
orates the finding that MVK actively goes through 
stomata, inducing a biological response in the 
mesophyll. 

We did not observe any physiological changes 
(G, and photosynthesis) for plant B during the 
course of the O3 fumigation experiment. v,, for 
MVK increased by ~70% immediately after we 
exposed plant B to O3 and gradually increased by 
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another ~25% during the course of the fumigation, 
where it remained after we turned off the O3 sup- 
ply (Fig. 3). We observed similar behavior for 
acetaldehyde. For both compounds, v,, remained 
high for 2 days after stopping the fumigation. A 
set of experiments inducing mechanical wounding 
resulted in increased uptake of MVK, which is 
qualitatively similar to the chemical exposure ex- 
periments. The uptake of acetaldehyde decreased 
and occurred in parallel with an increasing C,. 
This is consistent with the idea that mechanical 
wounding increases the internal production of 
acetaldehyde (//). Upon recovery, the uptake rates 
(Vp) for acetaldehyde increased subsequently and 
at times exceeded the pre-wounding values. 

The increase of v,, for acetaldehyde and MVK 
after (plant A and B) and during (plant B) fumi- 
gation imply that these plants responded to acute 


1 day post fumigation 


0-2 h post fumigation 
pre fumigation 
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Fig. 3. Mesophyllic deposition velocity (v,, = 1/R,,) for acetaldehyde and MVK; v,, is plotted as a function 
of cumulative (A) MVK and (B) 03 uptake. Prefumigation levels of v,, (open circles) are inserted at the 
beginning; postfumigation levels of v,, (open diamonds) are inserted at the end. 95% confidence 
intervals (Cls) [n = 6 samples (O03 fumigation); n = 7 samples (MVK fumigation)] are shown as vertical bars 
for pre- and postfumigation experiments; the dotted lines represent the 95% CI during the fumigation 
experiment obtained from a polynomial regression (second order) depicted by the solid lines. 


0 Ww 
80 W 


0 10 20 30 40 


40 W. 40 E 
0 


o120E 
80 E160 E 


50 60 70 80 90 100 


(new-old)/old [%] 


Fig. 4. Relative change of the total annual dry deposition flux of oVOC on the basis of a modified dry 
deposition scheme in which oVOCs are assumed to be rapidly metabolized within the leaf. 


chemical exposure by up-regulating the activity of 
processes responsible for detoxification. Quantita- 
tive polymerase chain reaction identified changes 
in several characteristic genes indicative of en- 
hanced metabolic activity as a response to chemical 
and mechanical stress (table S3). All chemical 
treatments (MVK and O3) showed elevated gene 
expression patterns related to ROS (superoxide 
dismutase and ascorbate peroxidase). Mechanical 
wounding and chemical exposure experiments 
(MVK and Os) resulted in up-regulation of alde- 
hyde oxidase (AAO2) and aldehyde dehydrogenase 
(ALDH2). We observed elevated levels of p450 
cytochrome, which is typically associated with the 
oxidation of organic substances, for all chemical 
treatments along with increases in WRKY tran- 
scription factors, encoding proteins involved in 
plant responses to biotic and abiotic stresses. These 
changes in gene-expression patterns support the 
gas-exchange measurements, showing that plants 
can adjust their metabolism (meaning, their v,,) 
and increase oVOC decomposition as a response 
to environmental factors. 

The presented laboratory and field observations 
show that oVOCs can be efficiently metabolized 
by plants through constitutive and induced detoxifica- 
tion mechanisms. Because the general route of at- 
mospheric photooxidation of NMVOCs goes 
through the formation of carbonyls and hydroxy- 
carbonyls, these findings have consequences for 
understanding the atmospheric evolution of these 
oVOCs. To place these findings on a broader scale, 
we modified the dry deposition scheme for oVOCs 
in a comprehensive global chemistry and trans- 
port model (/3, 74). Fast metabolic conversion of 
oVOCs was incorporated, according to our field 
observations, by setting fo to 1 (9). The total dry 
deposition flux of organics on a carbon basis in- 
creases (by up to 110%) relative to previous esti- 
mates (Fig. 4). Large changes especially occur in 
tropical regions such as the Amazon, where the 
annual dry deposition flux increases between 65 
and 85%. Globally, dry deposition of organics in- 
creases by about 36%. More importantly, deposi- 
tion fluxes are substantially altered because of 
increases (50 to 100%) in dry deposition of rel- 
atively insoluble species [for example, carbonyls 
with Henry’s Law Constant (HLC) of <50 M/atm] 
leading to decreases (up to 30%) in wet deposi- 
tion of certain soluble species [for example, per- 
oxides with HLCs of >300 M/atm (fig. S8)]. Higher 
dry deposition of relatively insoluble species also 
leads to a decrease in dry deposition of certain 
peroxides because of lower atmospheric concen- 
trations in the gas phase. Modeled oVOC con- 
centrations in the surface layer change substantially 
(30 to 60%). These results have consequences for 
capturing the dynamic behavior and repartition- 
ing between NMVOC oxidation products and SOA 
(5, 14, 15). The modifications change OH radical 
concentrations by up to 15% above the land sur- 
face layer (fig. S11). Tropospheric O3 concentra- 
tions are slightly reduced (by 1 to 3%) in the 
Northern Hemisphere and enhanced (by 0.5 to 
1.5%) in the tropical land regions (fig. S10). 
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Dry deposition of organic trace gases ad- 
dresses a poorly quantified process in the atmo- 
sphere (3, /0). We estimate a lower and upper 
bound for the annual deposition flux of gas phase 
oVOCs between 37 and 56% relative to the an- 
nual NMVOC emission flux on a carbon basis 
(table S4). It is conceivable that oVOC deposi- 
tion fluxes to vegetation could increase as a con- 
sequence of acute or chronic exposure to high O3 
concentrations in polluted regions (/6). 
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Transient Middle Eocene Atmospheric 
CO, and Temperature Variations 


Peter K. Bijl,"*t Alexander J. P. Houben,’*t Stefan Schouten,” Steven M. Bohaty,* Appy Sluijs,” 
Gert-Jan Reichart,’ Jaap S. Sinninghe Damsté,”* Henk Brinkhuis* 


The long-term warmth of the Eocene (~56 to 34 million years ago) is commonly associated with 
elevated partial pressure of atmospheric carbon dioxide (pCO). However, a direct relationship between 
the two has not been established for short-term climate perturbations. We reconstructed changes in both 
pCO> and temperature over an episode of transient global warming called the Middle Eocene Climatic 
Optimum (MECO; ~40 million years ago). Organic molecular paleothermometry indicates a warming of 
southwest Pacific sea surface temperatures (SSTs) by 3° to 6°C. Reconstructions of pCO indicate a 
concomitant increase by a factor of 2 to 3. The marked consistency between SST and pCO, trends during 
the MECO suggests that elevated pCO, played a major role in global warming during the MECO. 


[MECO; ~40 million years ago (Ma)] (/) 

interrupts a long-term middle Eocene cool- 
ing trend (2), with a globally uniform 4° to 6°C 
warming of both surface and deep oceans within 
~400,000 years, as derived from foraminiferal 
stable oxygen isotope records (3). A decrease in 
carbonate mass accumulation rates during the 
MECO argues for ocean acidification induced by 
a rise in pCO, (3). Application of paleo-pCO, 
proxies across the MECO has yet to confirm 
whether pCO, changes are indeed associated with 
this interval of transient warming. 

We investigated a sedimentary succession 
spanning the MECO recovered from the East 
Tasman Plateau at Ocean Drilling Program (ODP) 
Site 1172, which at that time was situated on the 
shelf (~65°S paleolatitude; Fig. 1 and figs. S1 and 
S2) (4, 5). To fully capture the magnitude of the 
sea surface temperature (SST) change associated 


Te Middle Eocene Climatic Optimum 


1Biomarine Sciences, Institute of Environmental Biology, Faculty 
of Science, Laboratory of Palaeobotany and Palynology, Utrecht 
University, Budapestlaan 4, 3584 CD Utrecht, Netherlands. 
2Department of Marine Organic Biogeochemistry, NIOZ Royal 
Netherlands Institute of Sea Research, Post Office Box 59, 1790 
AB Den Burg, Texel, Netherlands. 3school of Ocean and Earth 
Science, University of Southampton, National Oceanography 
Centre, European Way, Southampton S014 3ZH, UK. 4Geochem- 
istry, Department of Earth Sciences, Faculty of Geosciences, Utrecht 
University, Budapestlaan 4, 3584 CD Utrecht, Netherlands. 


*These authors contributed equally to this work. 
tTo whom correspondence should be addressed. E-mail: 
p.k.bijl@uu.nl (P.K.B.); a.j.p.-houben@uu.nl (A.J.P.H.) 


with the MECO at this site, we applied two in- 
dependent temperature proxies: the alkenone 
unsaturation index (USS) (6) and the index of 
tetraethers consisting of 86 carbon atoms (TEXg6) 
(5, 7) (fig. S3). At the onset of the MECO, US; and 
TEXge indicate a rise in SST of 3°C and 6°C, 
respectively, which, also at this location, stands 
out as an interruption of long-term middle Eocene 
cooling (Fig. 2). Bulk carbonate oxygen isotope 
values (8'80) decrease by 1.0 to 1.2 per mil (%o), 
which, if controlled by SST only, also indicate a 
SST rise of ~4° to 5°C (5). 

Additional evidence of warming is derived from 
assemblages of hypnozygotic organic cysts of 
surface-dwelling dinoflagellates (dinocysts) (5). 
Whereas the middle Eocene dinocyst record at 
ODP Site 1172 is dominated by taxa that are en- 
demic to the Southern Ocean (8), an incursion of 
low-latitude dinocyst taxa characterizes the MECO 
(Fig. 2 and fig. S4). A SST increase of 3° to 6°C 
is consistent with inferences from benthic foram- 
iniferal and fine-fraction carbonate oxygen iso- 
tope records at other sites (J, 3). The US and 
TEX¢o proxies are independent of seawater 5'*O. 
Hence, the consistent magnitude of warming be- 
tween the proxies suggests that the carbonate 
3'°O records were not affected by a change in 
5'5O of seawater, and that global ice volume did 
not change considerably during the MECO. 

Absolute SSTs as indicated by USS and TEX¢¢ 
are consistent, with 26°C or 24°C just below the 
onset of the MECO for the two proxies, respective- 


ly, and peak MECO SSTs exceeding 28°C. These 
SSTs are much (~10°C) higher than those derived 
from fine-fraction carbonate oxygen isotope measure- 
ments from elsewhere in the Southern Ocean (/, 3). 
At least part of this large discrepancy is most likely 
the result of diagenetic alteration of calcite (9). 

We assessed pCO, changes by determining 
the stable carbon isotopic composition (8'°C) of 
alkenones, long-chained ketones exclusively syn- 
thesized by specific haptophyte algae. Carbon iso- 
topic fractionation during carbon fixation (€,) by 
haptophyte algae varies as a function of dissolved 
COz [COr(aq)] (0, 11), specific cell physiological 
parameters (which show good correspondence to 
the surface-water concentrations of soluble phos- 
phate), and other environmental parameters, pri- 
marily light intensity (5). The carbon isotopic 
composition of diunsaturated alkenones (8'°C¢37.) 
ranges between —32.5 and —35.5%o (fig. S3). We 
used bulk carbonate 5'°C to estimate the 5'°C 
value of the dissolved inorganic carbon (DIC) pool 
in seawater (5) to determine ¢,. The data show 
background ¢, values of 21 to 22%o rising up to 
24.5%o during MECO (Figs. 2 and 3 and fig. $3). 
The relationship between ¢, and pCO, is expo- 
nential, which results in a relatively large uncer- 
tainty in reconstructed pCO) levels with high ¢,, 
values (Fig. 3). Temperature variations, however, 
play a minor role in the range of temperatures 
indicated by TEXgg and US$ (Fig. 2) and cannot 
explain the high €, values (Fig. 3). It seems un- 
likely that changes in light intensity (/2) influenced 
€, substantially at ODP Site 1172 (5). The sol- 
uble phosphate concentration exerts a strong in- 
fluence on the relation between €, and pCOs, 
particularly if ¢, values are high (5). 

To evaluate all possible absolute pCO, es- 
timates from our record, we applied the full range 
of present-day surface-water phosphate concen- 
trations. These vary between 0 jumol liter ’ in the 
oligotrophic gyres to >2 umol liter ' in the South- 
ern Ocean (5) (fig. S5). Yet even when phosphate 
concentrations of 0 umol liter | are assumed, Ep 
values between 21.2%o and 24.5%o yield pCO, 
estimates between 600 parts per million by vol- 
ume (ppmv) before the MECO and 6400 ppmv 
during the MECO (Figs. 2 and 3). Hence, ele- 
vated levels of pCO, must in part be responsible 
for the high €, values, with middle Eocene pCO, 
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being more than twice the pre-industrial value. 
When we assume maximal phosphate concentra- 
tions of 2 umol liter ', pCO, ranges between 


~2500 and ~24,000 ppmv (Figs. 2 and 3). The 
marginal marine Eocene East Tasman Plateau (4) 
likely experienced phosphate concentrations that 


were higher than 0 umol liter ’ but lower than 2 
umol liter!, because closed oceanic gateways 
during the Eocene (/3) prevented mixing as- 


Fig. 1. Paleogeographic configuration of the southern high latitudes during the middle Eocene (~49 to 
37 Ma; map was obtained from www.odsn.de) and ocean surface current configurations inferred from 
general circulation model experiments (13). The orange star indicates the paleogeographic location of 
ODP Site 1172 at 65°S in the southwest Pacific Ocean (24), under the influence of the Antarctic-derived 


Tasman Current (TC). 
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Fig. 2. Geochemical and palynological results across the MECO at ODP Site 
1172, Hole A, cores 42X to 47X. The MECO is identified by integrating 
magnetostratigraphy (25), biostratigraphy (25), and chemostratigraphy (3) 
(see fig. S2). The USS (purple), TEXg, (red), and bulk 5780 (green) SST 
reconstructions show a warming of 3° to 6°C. The yellow shaded area delimits 
the MECO interval. The increase in percentage of low-latitude dinocysts (in 
orange) at the expense of endemic dinocysts during the MECO illustrates biotic 
response to warming. We estimated pCO from carbon isotopic fractionation 
during carbon fixation (e,; black) by haptophyte algae with phosphate 


% low-latitude dinocysts 
0 20 40 60 80 100 21 


sociated with the Antarctic Circumpolar Current 
(ACC) that causes high phosphate levels in the 
present-day Southern Ocean. Eocene southwest 
Pacific surface-water phosphate concentrations 
were unlikely to have exceeded 1 pmol liter |, 
which implies maximum pCO, estimates of 1600 
ppmv just before the MECO and 15,000 ppmv 
during the MECO (Figs. 2 and 3). With a realistic 
range of phosphate concentrations, pCO, values 
were between 600 and 1600 ppm just before the 
MECO, which is in line with previous estimates of 
middle Eocene pCO, values using the same proxy 
(/4), and rose to between 6400 and 15,000 ppmv 
during the MECO (Fig. 2, light gray band). MECO 
values exceed any previous Eocene alkenone-based 
estimate even when we assume phosphate con- 
centrations of 0 mol liter ' (5). Despite uncer- 
tainties regarding absolute pCO, values, we note 
that the trends in pCO, follow those in the SST 
records remarkably well (Fig. 2). 

Surface-water phosphate concentrations, how- 
ever, may have varied in a marginal marine setting 
at ODP Site 1172. A tool for the reconstruction of 
phosphate concentration uses the remains of dino- 
flagellates (dinocysts), which are known to be 
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concentrations between 0 and 1 umol liter (light gray band). We further 
constrained phosphate estimates (dark blue line) by allowing phosphate 
concentrations to vary between 0.1 + 0.1 um liter and 0.9 + 0.1 um liter 
as a function of the ratio of peridinioid over gonyaulacoid dinocysts (P/G ratio; 
light blue line). This results in further constrained pCOz estimates (dark gray 
band). TEXg¢, U3, oxygen isotope, and pCO, data are plotted with a 3-point 
running mean (solid orange, purple, green, and red lines, respectively). The 
error bars on TEXgg and Us; represent analytical error. On €p the error bars 
represent the difference between the use of TEXg, and US; to determine Ep. 
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Fig. 3. Relationship between e, [versus VPDB (Vienna pee dee belemnite) standard] and pCO2. The 
phosphate concentration ranges plotted are those from the present-day surface ocean, and the SST ranges 
(22° to 30°C) are those inferred from TEXgg and US; data presented in Fig. 2 and a suite of Southern 
Ocean sites (22, 26-28). The gray vertical bar indicates the values for e, as reconstructed for the MECO 
interval at ODP Site 1172, with use of TEXg¢-based and US3-based SST reconstructions for these same 
levels, and bulk carbonate 57°C measurements on the same section. Black horizontal line represents 
present-day pCO>. Figure is modified from Pagani et al. (10). 


extremely sensitive to surface-water nutrient avail- 
ability changes (5). The ratio between peridinioid 
and gonyaulacoid dinocyst groups (the P/G ratio) 
is often used to reconstruct changes in relative 
nutrient abundance (/5). The MECO at ODP Site 
1172 shows a major decrease in the P/G ratio (/6) 
(Fig. 2), suggesting a decrease in nutrient concen- 
trations (/6). As an experiment, we allowed phos- 
phate to linearly vary as a function of the P/G ratio 
(Fig. 2) (5). The most prominent shift toward low 
P/G ratios occurs at MECO warming, resulting in 
lower phosphate concentration estimates. Also, 
when this drop in phosphate is taken into account, 
pCOsz rises during the MECO and follows the SST 
trends (Fig. 2, dark gray band). Hence, regardless 
of the constraints on phosphate concentrations and 
other environmental parameters, »CO> levels must 
have been substantially higher during the MECO 
relative to the middle Eocene background. 

One outstanding issue is the source of carbon 
responsible for the increase in middle Eocene atmo- 
spheric CO. The rise in pCO. by 2000 to 3000 ppmv 
emerging from our data requires a carbon source 
capable of injecting vast amounts of carbon into 
the atmosphere. Moreover, the absence of a prom- 
inent negative carbon isotope excursion excludes 
reservoirs with 5'°C signatures below that of ma- 
rine DIC (3). One mechanism capable of emanat- 
ing carbon with such a geochemical signature is 
the metamorphic alteration of carbonates (de- 
carbonation) (/). Massive decarbonation occurred 
until the late Eocene, with the subduction of vast 
amounts of Tethyan Ocean pelagic carbonates 


under Asia as India drifted northward (/7—/9). 
However, the flux of carbon required to increase 
pCO, by 2000 to 3000 ppmv within ~400,000 
years appears too high to invoke metamorphic 
(volcanic) outgassing as the sole mechanism. 
Our pCO, and SST reconstructions allow for 
a tentative assessment of high-latitude climate 
sensitivity to CO, forcing on ~100,000-year time 
scales, assuming that all MECO warming was 
caused by pCO, and associated feedbacks. With 
an average 5°C SST increase and a factor of 2 to 
3 increase in pCO, we arrive at a climate sen- 
sitivity of ~2° to 5°C per pCO, doubling. When 
we consider the pCO, decline from the Middle 
Eocene (~2000 ppmv; this study) to the latest 
Eocene (~1000 ppmv) (20) and the coeval high- 
latitude temperature decline (~3.5°C) (2/, 22), 
we derive similar values. Thus, long-term climate 
sensitivity to pCO, forcing in a world without the 
amplifying effects of ice-albedo feedbacks (23) 
may have been larger than previously anticipated. 
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Intestinal Stem Cell Replacement 
Follows a Pattern of Neutral Drift 
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With the capacity for rapid self-renewal and regeneration, the intestinal epithelium is stereotypical of stem 
cell-supported tissues. Yet the pattern of stem cell turnover remains in question. Applying analytical 
methods from population dynamics and statistical physics to an inducible genetic labeling system, we 
showed that clone size distributions conform to a distinctive scaling behavior at short times. This result 
demonstrates that intestinal stem cells form an equipotent population in which the loss of a stem cell is 
compensated by the multiplication of a neighbor, leading to neutral drift dynamics in which clones 
expand and contract at random until they either take over the crypt or they are lost. Combined with 
long-term clonal fate data, we show that the rate of stem cell replacement is comparable to the cell division 
rate, implying that neutral drift and symmetrical cell divisions are central to stem cell homeostasis. 


cells at the apex of proliferative hierarchies, 

possessing the lifetime property of self- 
renewal (/). In homeostasis, the number of stem 
cells remains fixed, imposing an absolute require- 
ment for fate asymmetry in the daughters of 
dividing stem cells, such that only half are retained 
as stem cells. Fate asymmetry can be achieved 
either by being the invariant result of every divi- 
sion (intrinsic asymmetry) or by being orches- 
trated from the whole population, where cell fate 
following stem cell division is specified only up to 
some probability (population asymmetry) (/, 2). 
These alternative models suggest very different 
mechanisms of fate regulation, yet their identifi- 
cation in normal tissues remains elusive. 

In the intestinal crypt, the apex of the prolif- 
erative hierarchy is associated with the anchored 
cells of the crypt base (3). Heterogeneity in 
expression of fate-determining genes and in cell 
cycle characteristics has suggested that at least 
two populations (Lgr5" and Bmil*) of crypt stem 
cells may exist (4, 5). For neither population has 
the pattern of self-renewal been revealed. 

Recent studies have provided evidence in 
support of intrinsic asymmetry by showing that 
crypt base cells are more likely to show an 
oriented spindle than cells higher in the crypt, and 
this correlates with asymmetric DNA segregation 
during division (6, 7). However, the phenomenon 
of monoclonal conversion, whereby crypts become 
monophenotypic (clonal) with time after genetic 
marking of individual cells (8—/0), presents an 
apparent experimental paradox. This observa- 
tion rules out truly invariant modes of cell divi- 
sion involving multiple stem cells and has been 
explained by rare errors in intrinsic asymmetry 
(11-13). Hence, the consensus view remains that 
intestinal stem cells divide asymmetrically due 
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either to inherent properties or environmental 
cues (3). Here we show that the dynamics of 
clonal growth leading to monoclonal conversion 
is directly related to the pattern of steady-state 
self-renewal. 

Intestinal clones were induced by low-level 
Cre-mediated recombination in Ahcre“™ animals 
(targeting potentially all the proliferative popula- 
tions within the crypt with a single treatment) 
crossed to Cre-reporter strains as described pre- 
viously, and were visualized in tissue whole mounts 
or sections [Fig. 1, A to J, and supporting online 
material (SOM) S-I]. With only 1.9 + 0.7% of 
crypts containing labeled cells at 2 weeks after in- 
duction, the vast majority of clones were expected 
to derive from single cells. By imaging the crypt 
base, we first determined the proportion that have 
achieved monoclonal conversion (Fig. 1, I and J). 
Crypts can become monoclonal a short time after 
induction, such that ~50% are fully labeled with- 
in 8 weeks (Fig. 1K). The dynamics of mono- 
clonal conversion can also be tracked by scoring 
the number of differentiated progeny that emerge 
from the crypts (Fig. 1, L to N, and fig. S1). After 
pulse labeling, cells exported from crypts form one 
to three clear migration streams on villi (Fig. 1, B 
and C). On the villus, clones comprised both Goblet 
and absorptive cell lineages, and within the crypt, 
clones contained Paneth cells. Each fully labeled 
crypt supports a clone width of Wax = 6.8 + 1.3 
cells (mean + SD, n = 155) along the villus. As 
with the crypt base analysis, we found that 50% 
of clones were of full width (1.e., six cells or more) 
within 8 weeks, corresponding to 50% mono- 
clonal crypts at this time point (Fig. 1M). 

Monoclonal conversion rules out a simple 
model of tissue maintenance that originates from 
a population of long-lived stem cells following a 
strict pattern of asymmetric division, and can be 
explained by two classes of behavior. First, crypts 
could be maintained by a hierarchy in which a sin- 
gle stem cell generates, through a sequence of 
asymmetric divisions, stem cells with a more lim- 
ited proliferative potential (/4) (Fig. 2A). Second, 
tissue could be maintained by an equipotent stem 
cell population, in which stem cell loss is per- 
fectly compensated by the multiplication of others 
(15-17) (Fig. 2B). Any detailed model of self- 


renewal will belong to one of these two classes 
(SOM S-ID). 

Although both behaviors predict attrition of 
surviving clones and drift toward monoclonality, 
the full range of clonal fate data allows us to 
discriminate between them. To understand how, 
we draw upon concepts from statistical physics 
applied to population dynamics. Within an equi- 
potent cell population, ongoing replacement leads 
to “neutral drift” of the clonal population (/7). In 
this case, if the stem cell pool were not limited by 
anatomical constraints, clonal evolution would 
settle into a characteristic behavior in which the 
size distribution acquires a “scaling form”: defin- 
ing P,,(t) as the fraction of surviving clones that 
host n stem cells at a time ¢ after induction (see 
SOM S-IID) (77, 18) 


1 n 
Fale = Gar" (am) 0) 


where (n(t)) denotes the average number of stem 
cells in a surviving clone. The scaling function, 
F(x), is “universal,” dependent only on the spatial 
organization of stem cells. From Eq. 1, it follows 
that, if (7(t))P,, (2) is plotted against n/(n(¢)), the 
size distributions will follow the same curve 
irrespective of the time ¢. In the crypt, where the 
stem cell compartment is limited, scaling is tran- 
sient and would eventually fail when a noticeable 
fraction of crypts become monoclonal. 

By contrast, if replacement occurs hierarchi- 
cally, then clones derived from the “master” stem 
cell will increase steadily in size, whereas those 
derived from its shorter-lived progeny will exhibit 
limited growth followed by loss. Crucially, the 
mixture of these two behaviors leads to binomial 
size distributions that do not scale (SOM S-V). 

Clone size is impossible to measure in absolute 
terms in the intestine because of the constant mi- 
gration and loss of cells. However, we can access 
P,,(¢) indirectly: The cohesion of clones within the 
crypt, and the proportionality of the clone width 
emerging from the crypt to the villus (SOM S-D), 
show that clonal expansion is tied to the circum- 
ference at the crypt base. Therefore, the clone 
width, relative to that of fully labeled crypts, serves 
as a proxy for the fraction of labeled stem cells 
within the crypt. Formally, a clone of width w on 
the villus is associated with a clone covering a 
fraction f(w) = W/Wmax of the circumference at the 
crypt base. The number of stem cells associated 
with a clone of width w is given by n =f(W)Netem, 
where Neem denotes the number of stem cells 
surrounding the crypt base. With this assignment, 
we find that for <4 weeks, where the vast majority 
of crypts have yet to become monoclonal, the size 
distributions show scaling behavior (Fig. 2D), an 
unambiguous signature of neutral drift dynamics. 

The growth rate, (n(t)), and the form of F(x) 
have the potential to offer further insight into the 
pattern of stem cell fate. In particular, if stem cells 
are organized into a one-dimensional arrangement, 
with cell replacement effected by neighboring 
stem cells (Fig. 3, A and B), then the average size 
of surviving clones grows as a square root of time, 
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(n(t)) = Vat, with % the stem cell replacement 
rate, and the scaling function is predicted to take 
the form (SOM S-III) 


F(x) = (nx/2)exp[-m" /4] (2) 


Referring to the experimental data, the coinci- 
dence of the scaling behavior with this universal 
(parameter-free) form, together with the observed 
square-root growth of the clone width over the 
same period (Fig. 2D, inset), reveals that stem cells 
are indeed being replaced laterally by neighboring 
stem cells in an effectively one-dimensional 
geometry. This behavior can accommodate both 
variability in replacement rates and potential stem 
cell replacement parallel to the crypt axis (SOM 
S-III.4 and S-I.5). 

Because this pattern of stem cell fate emerges 
from the consideration of (universal) short-time 
dynamics, the long-term behavior, including the 


drift toward clonality, presents a powerful test 
of the model. By fixing just a single parameter, 
WNtem~ = 0.025 + 0.003 per week (mean + SEM), 
from a quantitative fit to the average clone width 
(Fig. 1M), we obtained an excellent agreement of 
theory (detailed in SOM S-IV and S-VI) with the 
measured monoclonal fraction (Fig. 1K) and clone 
size distributions over the entire time course (Fig. 
3, C to H, and fig. S2). A similar analysis of clone 
fate as measured from the crypt base in the colon 
reveals the same neutral drift behavior (Fig. 3, I 
and J, and SOM S-VI). 

These results reveal that stem cells of the 
small intestine and colon behave as an equipotent 
population following a pattern of neutral drift in 
which the loss of a stem cell is compensated by 
the multiplication of a neighbor. This process may 
be achieved through stochastic stem cell loss trig- 
gering self-renewal, or through overcrowding of 
the stem cell pool leading to loss. Further, anal- 
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ysis of sister cell orientation reveals that the fre- 
quent transverse cell divisions required for stem 
cell replacement occur at the crypt base (fig. S3). 

Which cells constitute the stem cells, and what 
is their rate of loss? Current debate centers on the 
relationship between two crypt base populations, 
the Bmil” cells positioned around row 4 (4) and 
the columnar Lgr5” cells that reside at the crypt 
base (5, 19). Because both cell populations support 
long-lived clonal progeny, equipotency requires 
that Bmil* and Lgr5* cells contribute to the same 
stem cell pool, with the cells generating each other. 
Such heterogeneity would not affect the scaling 
behavior in Eq. 2, as its effect would be resolved 
rapidly compared to one-dimensional drift around 
the crypt circumference (SOM S-III.4). If we esti- 
mate the number of stem cells on the basis of the 
total number of Bmil* and LgrS" cells (4, 5, 19), 
we can conclude that their total number is >16, 
suggesting that stem cells are replaced laterally by 


Fig. 1. Conversion to monoclonality implies that 


TM, BNE stem cells are replaced in mouse intestinal crypts. (A) 
W 23,4,6,....52 weeks _ 8Glu/EYFP Experimental schedule; clones were induced by a 
oss ——— Staining single pulse of B-naphthoflavone (BNF) and tamox- 


(B-H) ifen (TM) in adult mice aged 1.5 to 9 months, and 
then visualized in the small intestine and colon after 
chase periods of 2 weeks to 1 year through serial 
sectioning and whole-mount imaging. (B and C) 
Clonal progeny migrate in coherent streams on villi in whole-mounted 
tissue, emerging from partially labeled (B) and fully labeled crypts (C). 
Streams from single crypts are seen to split to occupy one (shown) or up 
to three villi (not shown). (D and E) Clones contain both enterocytes and 
Goblet cells. (D) Whole mount containing Bglu+ clone stained with 
Alcian blue to visualize Goblet cells (arrowheads); (E) a sectioned EYFP+ 
(enhanced yellow fluorescent protein) clone stained with Periodic acid— 
Schiff to visualize Goblet cells (full arrowheads). Positive Paneth cells are 
initially absent (v-arrows) but ultimately become labeled (G). (F to H) 
Schematic shows crypt-to-villus axis of clonal migration streams (brown) 
on the intestinal epithelium (gray). (F) Longitudinal section of a 2-week- 
old clone; (G and H) serial sections of a clone migration stream showing 
a labeled 8-week-old clone. Paneth cells are labeled (v-arrows). (I and J) 
Whole-mounted tissue showing a partly labeled and a fully labeled crypt, 
respectively. Dashed circles indicate crypt boundaries; dotted lines show 
villi (v) out of the focal plane; “c” marks adjacent crypts. Diagram shows 
the basal viewing perspective of the crypts (circles), of which one is 
A clonally labeled (purple). (K) The fraction of fully labeled crypts over 
time shows conversion to monoclonality. The line shows a fit to neutral 
drift dynamics (see main text). Monoclonal conversion occurs at 
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Fig. 2. Short-time clone size distributions reveal a 
pattern of “neutral drift” in stem cell replacement. 
(A and B) Models of stem cell turnover in crypt: In 
(A), monoclonal conversion follows from turnover of 
a single, slow-cycling, asymmetrically dividing 
“master” stem cell at the crypt base. Blue arrows 
show self-renewal through asymmetric division; 
gray arrows show divisions leading to differentiation 
and upward migration. In (B), conversion arises 
from turnover of an equipotent stem cell population 
in which stem cell loss is compensated by the multi- 
plication of other stem cells (blue arrows), resulting 
in random clonal expansion and contraction. (C) 
Distribution of clone widths between 2 and 52 weeks 
after labeling (each “++” translates to one clone). (D) 
When plotted against w/(w/(t)), the short-term (t<4 
weeks) clone size distributions, (w(t))P,, (t), show the 
collapse predicted by the scaling Eq. 1. A log-log 
plot of the average clone width (w/(t)) (inset) shows 
square-root growth, log((w(t))) = 0.5 log(t — 7) 
irrespective of age (legend). 7; ~ 1 week is the mi- 
gration time from the crypt base onto the villi (23). 
The coincidence of the data with the scaling function 
Eq. 2 (curve), together with the square-root growth 
of (w(t)), provides a signature of one-dimensional 
neutral drift dynamics (see main text). 


Fig. 3. Model of neutral drift 
and monoclonal conversion in 
the small intestine and colon. 
(A) The neutral drift model in 
which Ntem equivalent stem 
cells surround the crypt base. 
The chance loss of a stem cell 
and its replacement at the 
clone edge leads either to the 
expansion of the labeled (blue) 
clone (case 1) or to its contrac- 
tion (case 2). (B) A simulation 
based on this neutral drift mod- 
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per week (see fig. S2 for entire data set). Error bars are SEM. (I and J) Clone size distribution as inferred 
from the fraction of crypt base labeled in the colon. Clones were scored into four size categories as 
shown in (J). Curves follow from the neutral drift model with X/Nstem” = 0.040 + 0.004 per week. 
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their neighbors at a rate A ~ 1 per day comparable 
to the measured cell division rate (5, 20-22). 
Therefore, asymmetric cell division is not the sole, 
or even the most common, mode of stem cell di- 
vision in the intestine: Symmetric stem cell di- 
vision is not a rare event, but is a central aspect of 
homeostasis. 
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In place of a hierarchical arrangement, our re- 
sults identify a pool of equipotent stem cells that is 
regulated by the behavior of neighbors. The pat- 
tern of stem cell regulation in the intestine pro- 
vides an inherently flexible assembly in which 
any stem cell can be deployed to differentiate into 
one of a number of cell types, act to replace stem 
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cells locally, and respond to changing environmental 
demand. 
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Mutational Robustness of Ribosomal 


Protein Genes 


Peter A. Lind,? Otto G. Berg,” Dan I. Andersson?* 


The distribution of fitness effects (DFE) of mutations is of fundamental importance for understanding 
evolutionary dynamics and complex diseases and for conserving threatened species. DFEs estimated 
from DNA sequences have rarely been subject to direct experimental tests. We used a bacterial system 
in which the fitness effects of a large number of defined single mutations in two ribosomal proteins 
were measured with high sensitivity. The obtained DFE appears to be unimodal, where most mutations 
(120 out of 126) are weakly deleterious and the remaining ones are potentially neutral. The DFEs for 
synonymous and nonsynonymous substitutions are similar, suggesting that in some genes, strong 
fitness constraints are present at the level of the messenger RNA. 


mutations is important in evolutionary bi- 

ology; for example, in the the degradation 
of genetic information due to Muller’s ratchet (/), 
molecular clocks (2), genetic variation at the mo- 
lecular level (3), and the impact of selection and 
genetic drift in natural populations (4). The DFE 
is also of importance for understanding quanti- 
tative traits, complex diseases, the evolution of 
antibiotic resistance, and predicting the minimal 
populations sizes needed for maintaining healthy 
populations of endangered species and in breeding 
programs (5—8). Mutations may be deleterious, 
neutral, or beneficial, and the proportion of muta- 
tions in each category will depend on several fac- 
tors (9). Advantageous mutations are rare and 
appear to be exponentially distributed (6, /0-/2). 
The DFE of deleterious mutations often appears 
to be bimodal, with one low-fitness peak (in- 
cluding lethal mutations) and a second peak close 
to wild-type fitness, with weakly deleterious mu- 
tations (3). Information on the DFE for dele- 
terious mutations comes mostly from analyses of 
DNA sequence data (2, 5, 14) or mutation accu- 


T: distribution of fitness effects (DFE) of 
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mulation and mutagenesis experiments (/5—/8). 
The indirect estimates of fitness values made 
from sequence data suffer the drawback that 
strongly deleterious mutations (with |s|V. >>1) (sl, 
absolute value of selection coefficient; V., effective 
population size) are poorly represented, and many 
details of the DFE are unresolved (19). Direct 
measurements, on the other hand, are difficult at 
the high-fitness end, where deleterious effects are 
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smaller than the percent level (in this study, se- 
lection coefficients |s| < 3 x 10° could not be 
detected). Nevertheless, experimental studies of 
the fitness effects of defined single-point muta- 
tions have proven useful, because they allow an 
assumption-free determination of the underlying 
DFE, including the frequencies of strongly del- 
eterious mutations. A few such studies in viruses 
have demonstrated a bimodal DFE, with most mu- 
tations being either neutral or lethal (73, 20, 2/). 
We used Salmonella typhimurium to study 
the DFE of random base-pair substitutions in the 
protein synthesis machinery. A total of 126 ran- 
dom base-pair substitutions were engineered into 
the rpsT and rp/A genes, encoding the ribosomal 
proteins S20 and L1, respectively (22). These two 
proteins are nonessential, but deletion mutants 
lacking either of these ribosomal proteins have 
severely reduced fitness. Thus, putative mutational 
effects on fitness can be measured over a large 
range, and the fitness of complete loss-of-function 
mutations is known and is larger than zero. We 
used bacterial growth rate to measure the fitness 
effects of the mutations. The involvement of ri- 
bosomal proteins in translation and the direct 
relation of translation rates to exponential growth 


Fig. 1. Relative expo- 
nential growth rates of 
single-substitution mu- 
tants relative to wild-type 
controls set to 1. (A) Syn- 
onymous substitutions (in 
LB). (B) Nonsynonymous 
substitutions (in LB). (C) 
Synonymous substitutions 
(in M9 medium). (D) Non- 
synonymous substitutions 
(in M9 medium). 
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rates (23) ensure that fitness effects will be di- 
rectly correlated to the quality and quantity of 
available ribosomes. 

In total, 70 single base-pair mutants of rpsT 
(S20), 56 mutants of rp/A (L1), and four in- 
dependent wild-type controls for each gene were 
constructed. The 126 random mutations com- 
prised 38 synonymous base-pair substitutions 
and 88 nonsynonymous substitutions. The iden- 
tity and fitness data of the individual mutants are 
available as supporting online material (SOM) 
(tables S1 to S3). Exponential growth rates were 
reduced for most of the substitution mutants, with 
an average relative growth rate of 0.92 (range, 
0.61 to 1.01) for synonymous and 0.94 (0.72 to 
1.00) for nonsynonymous mutants in rich growth 
medium (LB), as compared to wild-type controls 
(relative growth rate set to 1) and a median of 
0.96 and 0.95, respectively (Fig. 1, A and B, and 
figs. S1 and 82). In the poorer M9 glucose min- 
imal medium, the average growth rates were 0.95 
(median 0.96) for both synonymous (0.89 to 1.01) 
and nonsynonymous (0.72 to 1.00) substitutions 
(Fig. 1, C and D, and figs. S3 and S4). As ex- 
pected, no significantly advantageous mutations 
were found. No mutations caused a complete loss 
of function, and the mutants with the most pro- 
nounced fitness reduction (0.61 and 0.74) were 
still much more fit than the deletion mutants, 
which showed a relative fitness of 0.29 (rpsT, 
S20) and 0.25 (rp/A, L1) in LB (24). 

The growth rate measurements have limited 
sensitivity, detecting changes in s > 0.03 (3%), 
and measure fitness only in the exponential growth 
phase. To increase sensitivity, we performed com- 
petition experiments (24), in which we measured 
a composite fitness during the entire growth 
curve. In these competitions, sensitivity is much 
improved, allowing the detection of fitness dif- 
ferences as small as s = 0.003 (0.3%) (24). The 
average selection coefficients in this experimen- 
tal setup were —0.0096 (—0.0279 to 0, Fig. 2A) 
for synonymous and —0.0131 (—0.0763 to 0, Fig. 
2B) for nonsynonymous substitutions. The large 
majority of the mutations, including synonymous 
substitutions, caused significant fitness costs that 
confer strong counterselection (25). Mutations 
were evenly distributed throughout the genes, and 
no correlation between gene position and fitness 
was found (Fig. 3, A and B). The DFEs (for —s) 
of the mutations were estimated by fitting of 
commonly used univariate distributions (/3) to 
the data using a maximum-likelihood method 
(Fig. 2, C and D, figs. S7 to $14, table S5, and 
SOM text). 

To explain the similarities in DFEs for syn- 
onymous and nonsynonymous changes, we as- 
sume that the mechanistic cause(s) of the fitness 
effects are the same, especially if the effects of 
most amino acid changes are generally very small 
but occasionally large, accounting for the outliers 
in the distribution of nonsynonymous substitu- 
tions. This idea is supported by the absence of 
any significant correlation between fitness and 
predicted changes in protein free energy (Fig. 3C), 


conservation (Fig. 3D), and ribosomal RNA con- 
tacts (table S4) for the whole set of nonsynon- 
ymous mutations. Instead, our data suggest that 
the fitness reduction produced by base-pair substi- 
tutions is primarily conferred by changes in mRNA, 


Fig. 2. Selection coeffi- 
cients of single-substitution 
mutants relative to iso- 
genic wild-type controls 
(defined as s = 0, SD = 
0.001 within experiment 
variation for competition 
controls) during growth 
in M9 medium. (A) Syn- 
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which could be manifested at several levels, in- 
cluding, for example, suboptimal codon usage or 
altered mRNA structure and/or stability. The former 
is unlikely for several reasons. First, even though 
several of the synonymous mutations with large 
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Fig. 3. Analyses of fitness costs. (A) Position of substitutions in rpsT (S20) and fitness costs. (B) Position of 
substitutions in rplA (L1) and fitness costs. (C) Influence of changes in predicted protein free energy (DDG 
is destabilizing) on fitness costs of nonsynonymous substitutions. (D) Evolutionary conservation versus 
fitness costs for nonsynonymous mutations. (E) Logarithmic (ln) change in the frequency of codons used in 
ribosomal protein (RP) genes for synonymous substitutions. (F) Absolute changes in predicted mRNA free 
energy versus fitness costs for synonymous substitutions. 
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fitness costs involve more rarely used codons, 
this is true for only a limited subset of mutations 
(Fig. 3E and table S4). Second, we could not 
find any overall correlation between relative 
codon usage and fitness effects, using either all 
S. typhimurium codons or only those used in 
ribosomal protein genes (Fig. 3E and table S4). 
This is also consistent with our previous ex- 
perimental work in which substitution of the 
S. typhimurium rpsT and rplA genes with genes 
from other species with different codon usage 
caused very small fitness effects (24). 

These small fitness costs suggest that the 
fitness constraints on the mRNA for the two 
ribosomal protein genes are highly conserved 
between related bacterial species and that this 
functional conservation is largely independent 
of codon usage. Selection coefficients determined 
from the competition experiments were plotted as 
a function of the absolute values of the predicted 
free energy change for the mRNA of the synon- 
ymous mutants. A weak but significant correlation 
[correlation coefficient (7) = 0.47, P= 0.0027, n= 38 
synonymous mutants] was found, indicating a 
general connection between changed mRNA struc- 
ture and fitness (Fig. 3F and table S5). However, 
no significant changes in mRNA levels could be 
detected by quantitative real-time fluorescence 
polymerase chain reaction for synonymous mu- 
tants with large fitness costs (SOM text). Studies 
of synonymous substitutions usually involve large 
changes in codon usage or particular examples of 
substitutions with large effects. Mutagenesis studies 
of single proteins rarely include the use of high- 
sensitivity assays of fitness and analysis of syn- 
onymous substitutions (SOM references). 

Studies of fitness effects of defined base sub- 
stitutions in viruses have focused on the DFE at 
the whole-genome level, whereas we studied two 
specific bacterial genes. However, the viruses 
examined are small and encode only 5 to 11 genes, 
meaning that there are many independently en- 
gineered mutations for each virus gene and that 
the DFE can also be studied at the level of the 
individual genes (/3, 20, 21). Comparing the 
shape of the distributions obtained here with 
those from similar experiments in viruses reveals 
two differences that are valid both when the viral 
DFEs are analyzed at the level of the whole ge- 
nome and of individual genes. First, for viruses, 
the most frequently found mutational type was 
lethal (up to 40%) (13, 20, 2/), whereas most of 
the mutations examined here had only small ef- 
fects on fitness (91% had s values between —0.003 
and —0.03). Thus, the compact virus genomes 
appear to be highly constrained with regard to 
which sequence changes are acceptable for phage 
viability (/3). 

The second difference is the rarity of appar- 
ently neutral mutations found here as compared 
to the viruses examined (/3, 20, 21). For the 
ribosomal protein genes, 6 of 126 mutants (4.8%) 
had |s| < 0.003, whereas for the viruses, 25% 
appeared neutral. One reason for this difference 
could be that the higher sensitivity of our fitness 


assays allows mutations with small fitness effects 
to be distinguished from neutral mutations and 
that a similar peak of weakly deleterious mu- 
tations might also exist in the viral systems. Thus, 
it is conceivable that the relatively high frequen- 
cies of apparently neutral mutations observed in 
certain experimental systems (/3, 20, 21) are 
mainly a consequence of the limited sensitivity of 
the assays and that the proportion of deleterious 
mutations is very high even when synonymous 
substitutions are included. 
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Suppression of Antitumor 
Immunity by Stromal Cells Expressing 
Fibroblast Activation Protein—o 


Matthew Kraman,** Paul J. Bambrough,** James N. Arnold,** Edward W. Roberts,” 
Lukasz Magiera,* James O. Jones,’ Aarthi Gopinathan,”? David A. Tuveson,” Douglas T. Fearon*t 


The stromal microenvironment of tumors, which is a mixture of hematopoietic and mesenchymal 
cells, suppresses immune control of tumor growth. A stromal cell type that was first identified 

in human cancers expresses fibroblast activation protein—o (FAP). We created a transgenic mouse 
in which FAP-expressing cells can be ablated. Depletion of FAP-expressing cells, which made up 
only 2% of all tumor cells in established Lewis lung carcinomas, caused rapid hypoxic necrosis 
of both cancer and stromal cells in immunogenic tumors by a process involving interferon-y and 
tumor necrosis factor—o. Depleting FAP-expressing cells in a subcutaneous model of pancreatic 
ductal adenocarcinoma also permitted immunological control of growth. Therefore, FAP-expressing 
cells are a nonredundant, immune-suppressive component of the tumor microenvironment. 


Imost 20 years ago, an important ad- 
A= in tumor immunology was the 

discovery that a human melanoma may 
express an unmutated tumor-associated antigen 
that spontaneously elicits a CD8* T cell response 
(1). However, therapeutic vaccination with such 
antigens has only rarely been effective in control- 
ling tumor growth. Some studies suggest that 
cancers induce systemic tolerance (2) or lose anti- 
gen expression as they progress (3, 4), but these 
explanations cannot account for the findings that 
systemic immune responses occur in patients im- 
munized with such antigens (5, 6) and that these 


responses do not induce or maintain tumor regres- 
sion, despite persistent expression of antigen and 
major histocompatibility complex (MHC) class I 
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by tumors (5). These observations indicate that 
immune suppression within the tumor micro- 
environment may be a major determinant of the 
poor outcome of therapeutic vaccination. 
Although suppression may be mediated by 
cancer cells (7), “the paradoxical finding that an- 
tigenically foreign cell clones can develop into a 
tumor in an animal and are not automatically 
eliminated by the immune response” (8), as well 
as the occurrence of concomitant immunity (9), 
indicates that stromal cells have a major role in 
immune suppression. Of the two general types 
of nonvascular stromal cells, hematopoietic and 
mesenchymal, the former, which includes myeloid- 
derived suppressor cells (0, 17), M2 macrophages 
(12), certain natural killer T cells (13), and CD4* 
Foxp3° regulatory T cells (/4), has been consid- 
ered more often in this context than mesenchy- 
mal cells, which have usually been studied as 
human carcinoma-associated fibroblasts in xeno- 
grafted, immune-deficient mice (/5). Nevertheless, 
a tumoral stromal cell of apparent mesenchymal 
origin—identifiable by its expression of the type 
II membrane dipeptidylpeptidase fibroblast ac- 
tivation protein—a (FAP) (/6)—is associated with 
other biological processes in which immune sup- 
pression may occur, such as the gravid uterus and 
chronic, noninfected inflammatory lesions (/7, 18). 
To assess the immune suppressive function 
of FAP” stromal cells in a tumoral microenvi- 
ronment, we created two transgenic (Tg) mouse 
lines with bacterial artificial chromosomes (BACs) 
containing the murine fap gene modified by in- 
sertion of a cassette encoding either enhanced 
green fluorescent protein (EGFP) or the primate 
diphtheria toxin receptor (DTR) (fig. S1) (79). 
We subcutaneously injected EGFP Tg mice with 
cells of the LL2 Lewis lung carcinoma line, re- 
moved tumors after 16 days, and assessed frozen 
sections by confocal microscopy. In tumoral stro- 
mal cells, there was colocalization of EGFP and 
staining by an antibody against FAP (anti-FAP), 
demonstrating that the modified BACs con- 
tained the fap transcriptional elements necessary 
for appropriate expression of the inserted cas- 
settes (Fig. 1A). Further characterization of EGFP* 
stromal cells by confocal microscopy showed that 
they are composed of both CD45* and CD45" 
cells, all staining with antibody to a-smooth 
muscle actin (a-SMA) and some with antibody 
to collagen type I (Col I) (Fig. 1A). Phenotyping 
FAP” stromal cells by flow cytometry revealed 
that the CD45" subset expressed CD34 and Sca-1 
and that the CD45" subset expressed CD11b, 
MHC class II, and Sca-1, but not Gr-1 (fig. S2). 
Thus, the CD45” subset shares markers with 
the mesenchymal stem cells (MSCs) (20), as do 
human FAP" cells (2/), and the CD45~ subset 
resembles the CD11b‘/class II"/Col I'/a-SMA* 
fibrocyte (22). In LL2 tumors rendered immu- 
nogenic by expression of ovalbumin (LL2/OVA), 
CD45" and CD45" FAP” stromal cells each made 
up ~1% of all tumoral cells; the LL2/OVA cells 
and CD45'/FAP” cells represented 66 and 30% 
of the cells, respectively (Fig. 1B). We also found 


> 


Stromal 
marker 
FAP 


EGFP 


Merge 


CD45* and CD45" FAP” cells in the bone mar- 
row (fig. S3A), which is the origin of MSCs and 
fibrocytes. The functionality of the DTR Tg was 
shown by the decreased number of FAP” cells 
in both LL2/OVA tumors and bone marrow from 
DTR Tg mice after treatment with diphtheria toxin 
(DTX) (fig. S3). The loss of FAP* stromal cells 
did not abolish tumoral FAP expression because 
LL2 cells express FAP (fig. S2A), which is rele- 
vant because inhibition of FAP peptidase activity 
can impair nonimmunogenic tumor growth (23). 

To determine if FAP” stromal cells contrib- 
ute to the resistance of an immunogenic tumor 
to therapeutic vaccination, we first validated 
the efficacy of prophylactic vaccination. We 
immunized non-Tg mice with vaccinia virus— 
expressing OVA (VaxOVA) or influenza nucleo- 
protein (VaxNP) 2 weeks before subcutaneous 
injection of LL2/OVA cells. LL2/OVA outgrowth 
was delayed only in mice that had received 
VaxOVA, showing that prophylactic immuniza- 
tion is effective (Fig. 2A). Three groups of mice 
were assessed for the efficacy of therapeutic 
immunization on day 12 when tumors were 
palpable: non-Tg mice that did or did not re- 
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Fig. 1. Characterization of FAP* stromal cells. (A) 
Frozen sections of an established subcutaneous 
LL2 tumor taken from an EGFP Tg mouse were 
evaluated by confocal microscopy for native EGFP 
fluorescence and staining with antibodies specific 
for FAP, CD45, Col |, and o-SMA, respectively. Im- 
ages are representative of multiple sections and 
tumors. Scale bars, 50 uum. (B) The cellular compo- 
sition of enzyme-dispersed, rat Thy1.1* LL2/OVA 
tumors was assessed by flow cytometry. Closed 
circles represent individual tumors; horizontal 
lines denote means. 


ceive VaxOVA and DTR Tg mice that received 
VaxOVA. DTX was given to all mice beginning 
on day 12. Therapeutic vaccination did not slow 
the growth of established LL2/OVA tumors un- 
less it was combined with FAP” cell ablation, 
which fully suppressed tumor growth (Fig. 2B). 
Seven days after therapeutic vaccination, the fre- 
quencies of peripheral blood CD8* T cells that 
were H-2Kb/SIINFEKL(OVA)-specific in non- 
Tg mice and DTR Tg mice were nearly equiv- 
alent (1.4 + 0.5% and 0.7 + 0.3%, respectively, 
P> 0.05) (fig. S4, A and B), excluding an effect 
of FAP" cells on the priming of OVA-specific 
CD8°* T cells. 

FAP* cell ablation suppressed LL2/OVA 
growth by 48 hours (Fig. 2B), before a vaccine- 
induced immune response could have occurred, 
indicating that either the tumor itself induced an 
anti-OVA response (the effects of which were 
locally suppressed by FAP" cells) or the tumor- 
promoting effect of FAP” stromal cells did not 
have an immunological basis. To explore these 
possibilities, we examined the effect of FAP* cell 
ablation on the growth of established LL2/OVA 
tumors without therapeutic vaccination. The rate 
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Fig. 2. Combining ablation of FAP* stromal cells 
with a therapeutic vaccine controls tumor growth. 
(A) Mice were prophylactically vaccinated with 
VaxNP or VaxOVA 14 days before subcutaneous 
injection of LL2/OVA tumors, and tumor sizes were 
measured thereafter. (B) Non-Tg and DTR Tg mice 
were injected with LL2/OVA cells. Twelve days 
later, when tumors were palpable, all mice began 
alternate-day treatment with DTX, and the indi- 
cated groups were therapeutically vaccinated with 
VaxOVA. (C) Non-Tg and DTR Tg mice were in- 
jected with LL2/OVA cells; 12 days later, the indi- 
cated groups began alternate-day DTX treatment. 
(D) Same as in (C), except that mice were injected 
with LL2 cells. Tumor sizes are presented as mean + 
SEM (error bars). The curves describing tumor 
growth were compared for differences using the 
“compareGrowthCurves” permutation test [**P < 
0.01; not significant (ns), P > 0.05; representative 
of two replicate experiments; cohorts contained 
four or more mice]. 


of expansion of LL2/OVA tumors in DTR Tg 
mice was significantly suppressed by DTX 
treatment, as compared with that of the control 
groups of non-Tg mice with or without DTX 
and DTR Tg mice without DTX (Fig. 2C). 
Growth arrest was apparent by 48 hours after 
DTX. At day 20, 0.4 + 0.2% and 0.2 + 0.2% 
(P > 0.05) of splenic CD8* T cells were H-2Kb/ 
SIINFEKL(OVA)-specific in the DTX-treated 
non-Tg mice and DTR Tg mice, respectively (fig. 
S4C), indicating that the LL2/OVA tumors had 
induced an immune response, as has been re- 
ported by Nelson et al. (24). The same analysis 
of the growth curves of nonimmunogenic LL2 
tumors in non-Tg mice and DTR Tg mice with 
or without DTX did not reveal significant dif- 
ferences (Fig. 2D); however, diminished LL2 
growth in DTR Tg mice given DTX did seem to 
eventually occur after 6 to 8 days of treatment. 
Therefore, the loss of FAP* stromal cells causes 
immediate growth arrest of a tumor that has in- 
duced an immune response, but not of a nonim- 
munogenic tumor. Although there may be a 
nonimmunological function for the FAP" cell, we 
elected to focus on its immune-suppressive ac- 
tivity because of a potential relation to the poor 
efficacy of tumor vaccines. 

We analyzed LL2/OVA tumors taken from 
non-Tg and DTR Tg mice 48 hours after initiat- 
ing DTX to characterize the changes that were 
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Fig. 3. The acute effects 
of ablating FAP* stromal 
cells on LL2/OVA tumors. 
Non-Tg and DTR Tg mice 
bearing established LL2/ 
OVA tumors were given 
DTX; 48 hours later, tu- 
mors were assessed for (A) 
growth by comparison to 
tumor size before DTX, 
(B) number of viable cells, 
and (C) immune cellular 
composition [**P < 0.01; 
representative of replicate 
experiments; closed and 
open circles represent in- 
dividual tumors; horizon- 
tal lines denote means]. 
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specific to the immunogenic tumor. LL2/OVA 
tumor size in non-Tg mice doubled during this 
period, whereas growth in the DTR Tg mice 
ceased (Fig. 3A). Growth arrest was associated 
with a 60% decrease in the number of viable cells 
per gram of tumor (Fig. 3B). Loss of viability 
must have occurred among both LL2/OVA can- 
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cer cells and CD45" stromal cells, because their 
relative proportions did not change (Fig. 3C). 
FAP" cell ablation did not alter the proportions 
of CD4" or CD8" T cells or of CD4" Foxp3" reg- 
ulatory T cells, suggesting that tumor cell death 
did not involve a rapid increase of effector T cells 
or decrease of suppressive T cells. There was also 
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Fig. 4. Protection of A 
LL2/OVA tumors from the oe 
effects of ablating FAP’ =< 
stromal cells by neutraliz- = 200 
ing antibodies to TNF-a 2 150 
and IFN-y. Non-Tg and = 2 100 
DIR Tg mice bearing es- #2 5 
tablished LL2/OVA tumors 0 
were given control im- 2 
munoglobulin G (IgG) or § bi 
-100 


neutralizing antibodies to 
TNF-o: and IFN-y 24 hours 
before treatment and at 
0 hours, the time of the 
first day of DTX treatment. 
Forty-eight hours later, 
tumors were assessed for 
(A) growth by comparison 
to size before DTX and 
(B) number of viable cells 
(representative of repli- 
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sent individual tumors from non-Tg and DTR Tg mice, respectively; horizontal lines denote means). (C) 
Tumors were assessed for the occurrence of hypoxia, as detected in frozen sections by immunoperoxidase 
staining of stable protein adducts formed with reductively activated pimonidazole (*P < 0.05; ns, P > 0.05). 
Scale bar, 200 um. Images are representative of multiple sections taken from three mice from each cohort. 


no change in the proportion of tumoral CD8* T 
cells that were both OVA-specific and expressed 
the activation marker CD69, the cytotoxic mol- 
ecule granzyme B, or produced interferon-y (IFN-y) 
in response to antigenic stimulation (fig. S5). Taken 
together, these findings are not consistent with im- 
mune suppression of OVA-specific CD8" T cells 
by FAP” stromal cells. Nevertheless, the absence 
of arrested growth of LL2/OVA tumors in Rag2- 
deficient mice depleted of FAP" cells confirms the 
immunological basis of this response (fig. S6). 
Acute hypoxic necrosis secondary to ische- 
mia caused by prothrombotic effects of IFN-y 
and tumor necrosis factor-o, (TNF-a) is an in- 
direct immunological mechanism that may 
have been involved in the rapid cell death of 
LL2/OVA tumors depleted of FAP* cells (25, 26). 
The presence of mRNA for TNF-o and IFN-y 
in the LL2/OVA tumor and the higher amounts 
of mRNA for IFN-y and two of its target genes— 
IRF-1 (interferon regulatory factor-1) and iNOS 
(inducible nitric oxide synthase)}—in LL2/OVA 
than in LL2 tumors supported this possibility 
(table S1). Accordingly, non-Tg and DTR Tg 
mice with established LL2/OVA tumors were 
given isotype control or neutralizing anti-TNF- 
a and anti-IFN-y antibodies during the 48 hours 
of treatment with DTX, and tumors were then 
assessed. The impaired tumor growth and de- 
creased recovery of viable tumor cells caused 
by depleting FAP* cells were largely reversed 
by anti-TNF-o/anti-IFN-y treatment (Fig. 4, A 
and B). The hypoxia occurring in the LL2/OVA 
tumor after the loss of FAP" cells was also sup- 
pressed by anti-TNF-o/anti-IFN-y treatment 
(Fig. 4C and fig. S7). Therefore, FAP" stromal 
cells either suppress the production of TNF-a 
and IFN-y, or they attenuate cellular responses 


to these cytokines to protect the immunogenic 
tumor from cytokine-induced hypoxic necrosis. 
The relatively unchanged expression of these 
cytokines 48 hours after ablation of FAP* cells 
would favor the latter explanation (table $1). In 
addition, there was no marked change in the ex- 
pression of four potentially immune-suppressive 
cytokines—transforming growth factor—B1, in- 
terleukin (IL)4, IL-10, and IL-13—after de- 
pletion of FAP" cells (table S1), consistent with 
the absence of any changes in tumoral CD8* T 
cell phenotypes. 

We determined whether FAP" stromal cells 
suppress immunological control of another sub- 
cutaneous tumor that was established with a 
cell line derived from a murine pancreatic ductal 
adenocarcinoma (PDA) arising in the KPC mouse 
(27). These cancer cells resemble human PDA in 
many respects, including their expression of onco- 
genic Kras°'? and the tumor-associated antigen 
mesothelin, and both spontaneous and subcu- 
taneous tumors contain FAP” stromal cells (fig. 
S8). When transplanted tumors became palpable, 
we immunized non-Tg and DTR Tg recipients 
with a mesothelin peptide. Nine days later, we 
treated mice with DTX and assessed tumors 48 
hours later. Only when depletion of FAP* cells 
was combined with immunization did the PDA 
tumor acutely regress (fig. S9A). The immuno- 
logical basis of this response was demonstrated 
by its absence in DTR Tg, Rag2-deficient mice 
that were similarly immunized and depleted of 
FAP” cells (fig. S9B). 

The acute, hypoxic death of both cancer and 
stromal cells that is observed after FAP* cell 
ablation is mediated by TNF-a and IFN-y. These 
cytokines have previously been shown to be 
involved in CD8* T cell-dependent killing of 


antigen-loss variant tumor cells (28) and the 
suppression of angiogenesis (29). The finding 
of a possible relation between FAP” cells and 
MSCs and fibrocytes, which promote wound 
healing, is reminiscent of the description of tu- 
mors as chronic, nonhealing wounds (30). There- 
fore, immune suppression by FAP” cells may be 
a developmentally programmed, tissue-protective 
function that, in the context of a tumor, is cat- 
astrophically inappropriate. Interfering with sup- 
pression by FAP" cells of cellular responses to 
these two cytokines may complement the current 
most effective form of cancer immunotherapy, the 
enhancement of lymphocyte activation by anti- 
body to cytotoxic T lymphocyte antigen—4 (37). 
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Alleviating Cancer Drug Toxicity 
by Inhibiting a Bacterial Enzyme 


Bret D. Wallace, Hongwei Wang,” Kimberly T. Lane,* John E. Scott,? 
Jillian Orans,* Ja Seol Koo, Madhukumar Venkatesh,” Christian Jobin,’ Li-An Yeh,” 


Sridhar Mani,” Matthew R. Redinbo?’>** 


The dose-limiting side effect of the common colon cancer chemotherapeutic CPT-11 is severe 
diarrhea caused by symbiotic bacterial B-glucuronidases that reactivate the drug in the gut. 

We sought to target these enzymes without killing the commensal bacteria essential for human 
health. Potent bacterial B-glucuronidase inhibitors were identified by high-throughput screening 
and shown to have no effect on the orthologous mammalian enzyme. Crystal structures established 
that selectivity was based on a loop unique to bacterial B-glucuronidases. Inhibitors were highly 
effective against the enzyme target in living aerobic and anaerobic bacteria, but did not kill the 
bacteria or harm mammalian cells. Finally, oral administration of an inhibitor protected mice from 
CPT-11—induced toxicity. Thus, drugs may be designed to inhibit undesirable enzyme activities in 
essential microbial symbiotes to enhance chemotherapeutic efficacy. 


amptothecin, a potent antineoplastic com- 
( pound, was added to the National Can- 

cer Institute natural products screening 
set in 1966. It poisons the catalytic cycle of hu- 
man topoisomerase I, which manages the super- 
helical tension associated with DNA metabolism 
and is preferentially active in rapidly dividing 
cells (7, 2). In preliminary clinical trials, camp- 
tothecin exhibited marked toxicity and poor 
bioavailability (3). Although its derivatives top- 
otecan and CPT-11 (also called irinotecan) are 
now in clinical use (3), they still elicit pro- 
nounced side effects that limit efficacy. CPT-11 is 
one of the three commonly used chemothera- 
peutic agents for colon cancer, and it has also 
been used against lung and brain tumors as well 
as refractory forms of leukemia and lymphoma 
(4). It is a prodrug, with a carbamate-linked 
dipiperidino group that increases solubility and 
bioavailability (3); this moiety is removed in 
vivo to produce the active metabolite SN-38 (5) 
(Fig. 1A). 

CPT-11 causes severe diarrhea generated by its 
complex activation and subsequent metabolism 
(Fig. 1A) (6, 7). SN-38 produced by carboxyles- 
terases is glucuronidated in the liver by uridine 
diphosphate (UDP)-glucuronosyltransferase en- 
zymes to form inactive SN-38G (8), which is ex- 
creted via the biliary ducts into the gastrointestinal 
(GI) tract (Fig. 1A). Once in the intestines, though, 
SN-38G serves as a substrate for bacterial B- 
glucuronidase enzymes in the commensal micro- 
biota that remove the glucuronide group as a 
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carbon source, producing reactivated SN-38 in 
situ (Fig. 1A) (9, 10). SN-38 levels in the intestinal 
lumen play an essential role in the delayed diar- 
rhea that prevents dose intensification and effi- 
cacy in up to 40% of treated patients (//—/3). 
The feasibility of using antibiotics to reduce 
GI bacteria levels prior to CPT-11 treatment has 
been examined (/4); however, this approach has 
several drawbacks. Intestinal biota play essential 
roles in carbohydrate metabolism, vitamin produc- 
tion, and the processing of bile acids, sterols, and 
xenobiotics (/5, /6). Thus, the removal of GI 
bacteria is not recommended for patients already 
challenged by neoplastic growths and chemo- 
therapy. In addition, elimination of symbiotic GI 
flora increases the chances of infections by patho- 
genic bacteria, including enterohemorrhagic Esch- 
erichia coli and Clostridium difficile (17-23). 
B-Glucuronidase enzymes hydrolyze glucu- 
ronic acid sugar moieties from a variety of com- 
pounds (24), and their presence in a range of 
bacteria is exploited to detect bacterial contam- 
ination in commonly used water purity tests (25). 
The crystal structure of human B-glucuronidase 
was reported in 1996 (26), but no structure of a 
bacterial B-glucuronidase has been presented. 
In addition, only relatively weak inhibitors of 
B-glucuronidases have been described [inhibi- 
tion constant (K;) values of 25 uM to 2 mM] 
(27, 28). Thus, we used structural and chemical 
biology to identify potent and selective inhib- 
itors of bacterial B-glucuronidases to eliminate 
the GI toxicity of CPT-11 without killing the 
bacterial symbiotes required for intestinal health. 
Full-length £. coli B-glucuronidase was pu- 
rified and shown to hydrolyze SN-38G to SN-38 
in vitro (fig. S1). The enzyme was initially crys- 
tallized both alone and in complex with an es- 
tablished low-affinity inhibitor, glucaro-6-lactam 
(GDL) (29), and data were collected to 2.5 and 
2.4 A resolution, respectively. Because molecu- 
lar replacement using a previously reported hu- 
man B-glucuronidase model [PDB ID 1BHG (30)] 
was unsuccessful, selenomethionine (SeMet)— 
substituted E. coli §-glucuronidase and single- 
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wavelength anomalous dispersion x-ray data to 
2.9 A resolution were used for structure deter- 
mination and refinement (PDB ID 3K4A). Mo- 
lecular replacement using the SeMet model was 
then used to determine and refine the native 
(PDB ID 3K46), GDL-bound (PDB ID 3K4D), 
and Inhibitor 2 and Inhibitor 3 structures (PDB 
IDs 3LPF and 3LPG) (table S1). 

The asymmetric unit of the E. coli B- 
glucuronidase structure contains two monomers 
of 597 ordered residues, and crystallographic sym- 
metry generates the functionally relevant enzyme 
tetramer observed previously for the human en- 
zyme (30) and confirmed by gel filtration chro- 
matography for the £. coli form of the enzyme 
(Fig. 1B). The N-terminal 180 residues resem- 
ble the sugar-binding domain of family 2 gly- 
cosyl hydrolases (3/), whereas the C-terminal 
domain (residues 274 to 603) forms an a barrel 
(37) and contains the active-site residues Gh‘? 
and Glu*™. The region between the N- and 
C-terminal domains exhibits an immunoglobulin- 
like B-sandwich domain consistent with other 
family 2 glycosyl hydrolases (3/, 32) (fig. S2). 
The GDL inhibitor binds in a single orienta- 
tion deep within the active site of the enzyme’s 
C-terminal domain and involves large (>14 A) 
shifts in residue positions relative to the unliganded 
structure (figs. S3 and S4). Superimposing the 
E. coli §-glucuronidase structure on the human 
enzyme reveals a 1.4 A root mean square devia- 
tion over 565 equivalent Ca positions with 45% 
sequence identity (figs. S5 and S6). The E. coli 
enzyme contains a 17-residue “bacterial loop” not 
found in the human ortholog, with the active site 
of each FE. coli B-glucuronidase monomer con- 
taining “bacterial loops” from that monomer as 
well as a neighboring monomer within the en- 
zyme tetramer (fig. S4). 

Chemical library screening was conducted 
using a B-glucuronidase assay in which the con- 
version of 4-methylumbelliferyl-glucuronide 
(4-MUG) to 4-methylumbelliferone (4-MU) was 
monitored by measuring the increase in 4-MU 
fluorescence (excitation at 365 nm, emission at 
450 nm) (fig. S7) (25). This assay exhibited robust 
characteristics when used with a 10,240-compound 
chemical library, with a screening Z-factor of 0.84 
(33). The hit rate was 1%, with 100 compounds 
producing 90% inhibition or better and R? values 
for inhibition curves of 0.99 or better. Four com- 
pounds were chosen for further investigation (Fig. 
1C). Secondary B-glucuronidase assays were also 
used to examine inhibitor potency in vitro and in 
cell-based studies. 

The GDL compound exhibited relatively weak 
in vitro enzyme inhibition [e.g., median inhibitory 
concentration (ICs) = 26.4 + 4.83 uM] and did 
not disrupt B-glucuronidase activity in cultured 
E. coli cells (fig. S8). In contrast, the four com- 
pounds chosen from the high-throughput screen 
(Fig. 1C) were all potent in vitro inhibitors with 
submicromolar ICs9 and K; values and uncom- 
petitive characteristics as assessed by their lack of 
impact on enzyme kea/K,, values (Table 1 and fig. 
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Fig. 1. CPT-11 metabolism and F. coli §-glucuronidase. (A) Intravenously 
administered CPT-11 is activated by carboxylesterases (CE) to SN-38, an 
antineoplastic topoisomerase | poison. Liver SN-38 is inactivated via 
glucuronidation to SN-38G by UDP-glucuronosyltransferase (UGT) en- 
zymes and sent to the intestines. B-Glucuronidases (B-glucs) in the symbiotic 


S89). Crystal structures of E. coli B-glucuronidase 
in complexes with Inhibitors 2 and 3 were re- 
solved to 2.3 and 2.4 A resolution, respectively 
(table S1), and revealed that the inhibitors bound 
at the “bacterial loops” at the entrance to the 
active-site cavity, with the ethoxy groups extend- 
ing to within 3.3 A of the catalytic Glu"? residue 
(Fig. 2A). Primary contacts between the enzyme 
monomer and inhibitors involved the “bacterial 
loop” (Leu**') of the primary monomer, as well 
as the “bacterial loop” (Phe*®) of an adjacent 
monomer within the tetramer (Fig. 2B and fig. 
S10). Thus, this loop may be essential to inhib- 
itor efficacy. 

The specificity of the four characterized 
inhibitors for bacterial versus mammalian B- 
glucuronidases was assayed in vitro with the 
use of bovine liver B-glucuronidase. With a con- 
centration range of 0 to 100 uM for each of the 
inhibitors, no effect was observed on the activity 
of this mammalian B-glucuronidase (figs. S11 


Monomer 3 


screening. 


Gl bacteria remove the glucuronide as a carbon source, and active SN-38 
in the intestinal lumen generates dose-limiting diarrhea. (B) Crystal struc- 
ture of the £. coli B-glucuronidase tetramer at 2.5 A resolution. (C) Four 
selective bacterial B-glucuronidase inhibitors identified via high-throughput 


Table 1. In vitro and bacterial cell-based assays for B-glucuronidase activity and inhibitor efficacy. kat, 
catalytic rate; K,,, Michaelis constant; N/A, not applicable. N.E., not effective. Errors represent standard 


deviation, where V = 3. 


E. coli B-glucuronidase in vitro 


E. coli cell-based 


ICs50 (nM) Keat/Km (S* pM?) K; (nM) ECs (nM) 
No inhibitor N/A 0.134 + 0.0123 N/A N/A 
Glucaro-d-lactam 26400 + 483 N/A 7750 + 475 N.E. 
Inhibitor 1 283+ 26.1 0.0987 + 0.00621 164 + 13.0 17.7 + 7.42 
Inhibitor 2 369 + 2.51 0.119 + 0.00473 208 + 25.4 28.3 + 2.11 
Inhibitor 3 586 + 31.1 0.136 + 0.00633 684 + 81.6 233.2 + 2.99 
Inhibitor 4 1060 + 3.54 0.122 + 0.0205 1380 + 166 1322.8 + 1.15 


and $12). The 17-residue loop that contacts the 
inhibitors in the crystal structures of E. coli B- 
glucuronidase (Fig. 2, A and B) is not present in 
mammalian forms of the enzyme (fig. S13), which 
act on larger substrates such as glycosaminoglycans 
(34). Of the 284 Gl-associated bacterial species 
in the Human Microbiome Project database 


(35), 123 (43%) contained B-glucuronidases or 
candidate B-glucuronidases; of those, 121 (98%) 
maintained at least the N-terminal portion of the 
“bacterial loop,” and 110 (91%) contained the 
key residues at E. coli B-glucuronidase positions 
361 and 365 capable of making the inhibitor con- 
tacts reported here (fig. S14; see also figs. S10 
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Fig. 2. Potent B-glucuronidase in- A Y468 
hibitors. (A) Crystal structures of In- M447 


hibitors 2 and 3 bound to the active [E504 | aa 

site of F. coli B-glucuronidase. (B) pr! soe 
Inhibitors are observed to stack co- Inhibitor 3 
operatively between monomers in Y472 
the E. coli §-glucuronidase tetramer. 

Amino acid abbreviations: D, Asp; 

E, Glu; F, Phe; G, Gly; L, Leu; M, Met; D163 
R, Arg; S, Ser; Y, Tyr. 
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Fig. 3. Inhibitor selectivity for bacterial B-glucuronidase. (A) The 360-376 “bacterial loop” from E. coli B-glucuronidase produces an enzyme insensitive 
loop forms direct contact with the bound inhibitors in the F. coli B- _ to inhibitor efficacy. (C) B-Glucuronidase inhibition in living E. coli cells grown 
glucuronidase structure. This loop is missing from the structure of human B- under both aerobic and anaerobic conditions. (D) 8-Glucuronidase inhibition in 
glucuronidase; thus, it is labeled the “bacterial loop.” (B) Elimination of the two obligate anaerobic bacteria. Error bars represent SD; NV = 3. 


and $13 and table $2). To test the hypothesis that glucuronidase that lacks residues 360 to 376 _ trations of the four compounds examined (Fig. 3B). 
the “bacterial loop” is required for the efficacy (Fig. 3A). The A360-376 E. coli B-glucuronidase Thus, we have identified inhibitors that are potent 
of our inhibitors, we created a form of £. coli B- mutant was not inhibited even at 100 uM concen- and selective for a bacterial B-glucuronidase. 
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We next examined the ability of the four lead 
compounds to inhibit B-glucuronidase activity 
in living bacterial cells. Whereas a ~26 uM in 
vitro inhibitor such as GDL has no effect against 
B-glucuronidase activity in cultured E. coli, each 
inhibitor tested was effective, with median effec- 
tive concentration (ECs9) values from 18 nM 
to 1.3 uM (Table 1 and fig. S15). Because >99% 
of the microbial species present in the GI tract 
are obligate anaerobes (36), we tested E. coli cells 
grown under anaerobic conditions and examined 
other relevant anaerobic bacterial species (35). 
The compounds were effective in E. coli grown 
under both aerobic and anaerobic conditions (Fig. 
3C) and were effective against enzyme activity in 
two obligate anaerobes known to inhabit the mam- 
malian GI, Bacteroides vulgatus and Clostridium 
ramosum (Fig. 3D). We also tested Lactobacillus 
reuteri and Bifidobacterium infantis, which do 
not contain the gene encoding B-glucuronidase 
(28, 37), and found no evidence of enzyme ac- 
tivity or inhibitor impact on cell viability for these 
or other strains (figs. S16 and S17). Consist- 


ent with their lack of effect on mammalian B- 
glucuronidase activity in vitro, inhibitors at rela- 
tively high concentrations (100 uM) had little to 
no effect on the survival of two human colon 
cancer cell lines (HCT116, Caco-2) and one mu- 
rine colon cancer cell line (CMT93) (38) (fig. S18). 

Finally, we examined the ability of Inhibitor 
1 to eliminate the delayed diarrhea and intes- 
tinal damage caused by CPT-11 administration. 
Healthy 6- to 8-week-old Balb/cJ mice were di- 
vided into four groups of 16 animals each. 
Group | received 50 ul of double-distilled H,O 
intraperitoneally (i.p.) and 1% dimethyl sulfox- 
ide by oral gavage twice daily. Group 2 received 
10 wg of Inhibitor 1 via oral gavage twice per 
day, but no CPT-11. Group 3 received CPT-11 ip. 
once daily, at a dose of 50 mg per kg of body 
weight, and no Inhibitor 1. Group 4 received CPT- 
11 and Inhibitor 1 with dose and schedule identical 
to animals in group 3 and group 2, respectively. 
GI symptoms appeared after 7 days. At days 8 
to 10, all the animals on the CPT-11-only treat- 
ment (group 3) experienced both diarrhea and 
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bloody diarrhea, whereas none of the animals re- 
ceiving vehicle or inhibitor alone (groups 1 and 2, 
respectively) exhibited diarrhea at any point dur- 
ing the study (Fig. 4A and fig. S19). By day 11, 
all the group 3 animals had to be euthanized. In 
contrast, the animals receiving both CPT-11 and 
Inhibitor 1 (group 4), exhibited less diarrhea and 
bloody diarrhea than did the group 3 animals 
(Fig. 4A and fig. S19). Examination and scoring 
of colonic tissue samples from each group estab- 
lished that Inhibitor 1 protected the mouse GI 
epithelium from CPT-11—induced damage (Fig. 4, 
B and C) (39). Animals treated with vehicle and 
Inhibitor 1 exhibited healthy glandular structure 
and an intact epithelial layer, CPT-11 administra- 
tion destroyed these tissues, eliminating the glands 
and causing a large influx of inflammatory cells 
(Fig. 4, B and C). In contrast, Inhibitor 1, when 
provided orally in combination with i.v. CPT-11, 
protected the glandular structure of these intes- 
tinal tissues (Fig. 4, B and C). 

The lead compounds that we have charac- 
terized from high-throughput screening hits are 


* p=0.0001 
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Fig. 4. Alleviation of CPT-11 toxicity in mice. (A) CPT-11 produced bloody 
diarrhea starting after 8 days and peaking at 10 days, whereas oral admin- 
istration of Inhibitor 1 with CPT-11 reduced the incidence of bloody diarrhea. 
Vehicle and Inhibitor 1 alone caused no bloody diarrhea. By day 8 to 11, mice 
in the CPT-11 group began to suffer from severe lethargy and lack of move- 
ment; by day 11, all mice in that group were euthanized according to AIC 
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protocol 20070715. (B) Histologic score of the distal and proximal colon of 
animals in the four treatment groups. Error bars represent SD; W = 12. (C) 
Tissue histology of colons taken from mice from each treatment group show 
healthy glandular structure for both vehicle and Inhibitor 1 but highly dis- 
rupted tissues in the CPT-11 group. In contrast, Inhibitor 1 provided in com- 
bination with CPT-11 protects the colon from damage. 
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all effective inhibitors of the B-glucuronidase en- 
zyme in vitro (with K; values of 160, 210, 680, 
and 1400 nM, respectively), and they maintain 
potent efficacy in living bacterial cells (ECs 
values of 18, 28, 230, and 1300 nM, respectively) 
(Table 1) without affecting bacterial cell growth 
or survival under aerobic or anaerobic conditions 
(figs. S16 and S17) or killing mammalian epi- 
thelial cells (fig. S18). Lower ECsq values rela- 
tive to the K; values likely reflect relatively low 
B-glucuronidase concentrations in cells. Key 
regions of the “bacterial loop” identified in the 
E. coli B-glucuronidase crystal structure are present 
in 98% of the B-glucuronidases sequenced from 
human GI bacteria, and 91% of those sequences 
contain residues that appear capable of forming 
inhibitor contacts (figs. S13 and $14). Disruption 
of B-glucuronidase activity is also demonstrated 
in bacterial species beyond EF. coli (Fig. 3D). Taken 
together, the data presented here strongly support 
the hypothesis that microbial B-glucuronidases 
can be inhibited to prevent the GI production of 
toxic CPT-11 metabolites. However, full pharma- 
cokinetic studies demonstrating, for example, a 
reduction in GI SN-38G levels or improved 
CPT-11 efficacy will be required to unambiguous- 
ly prove this hypothesis. In addition, the breadth 
of inhibitor efficacy on human GI bacteria re- 
quires further assessment. Still, these initial re- 
sults involving the oral dosing of an unmodified 
lead compound are highly promising. If suc- 
cessfully translated to humans, leads like those 
described here could allow dose intensification 
of CPT-11, enabling studies of whether efficacy 
could be improved in relevant human cancers 
by reducing one of the current dose-limiting 
side effects. The strategy of selective targeting 
of an enzyme present in bacterial symbiotes to 
address a specific clinical problem could po- 


tentially be applied more broadly as we deepen 
our understanding of the essential and dynamic 
roles that commensal bacteria play in promoting 
human health. 


References and Notes 
1. Y. H. Hsiang, R. Hertzberg, S. Hecht, L. F. Liu, 
J. Biol. Chem. 260, 14873 (1985). 
2. M. R. Redinbo, J. J. Champoux, W. G. Hol, Curr. Opin. 
Struct. Biol. 9, 29 (1999). 
3. J. F. Pizzolato, L. B. Saltz, Lancet 361, 2235 (2003). 
4. Y. Pommier, Nat. Rev. Cancer 6, 789 (2006). 
5. N. F. Smith, W. D. Figg, A. Sparreboom, Toxicol. In Vitro 
20, 163 (2006). 
. R.H. J. Mathijssen et al., Clin. Cancer Res. 7, 2182 (2001). 
. M. K. Ma, H. L. McLeod, Curr. Med. Chem. 10, 41 (2003). 
. S. Nagar, R. L. Blanchard, Drug Metab. Rev. 38, 393 (2006). 
. P. J. Tobin, H. M. Dodds, S. Clarke, M. Schnitzler, 
L. P. Rivory, Oncol. Rep. 10, 1977 (2003). 
10. A. Stein, W. Voigt, K. Jordan, Ther. Adv. Med. Oncol. 2, 
51 (2010). 
11. A. Kurita et al., Cancer Chemother. Pharmacol. 
10.1007/s00280-010-1310-4 (2010). 
12. Z.P. Huet.al., Toxicol. Appl. Pharmacol. 216, 225 (2006). 
13. See supporting material on Science Online. 
14. D. Flieger et al., Oncology 72, 10 (2007). 
15. J. H. Cummings, G. T. Macfarlane, J. Parenter. 
Enteral Nutr. 21, 357 (1997). 
16. F. Guarner, J. R. Malagelada, Lancet 361, 512 (2003). 
17. S. B. Lewy, B. Marshall, Nat. Med. 10 (suppl.), $122 (2004). 
18. C. E. Nord, L. Kager, A. Heimdahl, Am. J. Med. 76, 
99 (1984). 
19. C. D. Settle, M. H. Wilcox, Aliment. Pharmacol. Ther. 10, 
835 (1996). 
20. S. Sears, P. McNally, M. S. Bachinski, R. Avery, 
Gastrointest. Endosc. 50, 841 (1999). 
21. D. Stamp, Med. Hypotheses 63, 555 (2004). 
22. L. Yang, Z. Pei, World J. Gastroenterol. 12, 6741 (2006). 
23. S. H. Cohen et al., Infect. Control Hosp. Epidemiol. 31, 
431 (2010). 
24. A. Basiniska, B. Florianczyk, Ann. Univ. Mariae Curie 
Sklodowska Med. 58, 386 (2003). 
25. A. H. Farnleitner, L. Hocke, C. Beiwl, G. G. Kavka, 
R. L. Mach, Water Res. 36, 975 (2002). 
26. S. Jain et al., Nat. Struct. Biol. 3, 375 (1996). 
27. M. Fittkau, W. Voigt, H.-J. Holzhausen, H. J. Schmoll, 
J. Cancer Res. Clin. Oncol. 130, 388 (2004). 


oO OND 


REPORTS 


28. W. M. Russell, T. R. Klaenhammer, Appl. Environ. 
Microbiol. 67, 1253 (2001). 

29. T. Niwa, T. Tsuruoka, S. Inoue, Y. Naito, T. Koeda, 

J. Biochem. 72, 207 (1972). 

30. S. Jain et al., Nat. Struct. Mol. Biol. 3, 375 (1996). 

31. R. H. Jacobson, X. J. Zhang, R. F. DuBose, B. W. Matthews, 
Nature 369, 761 (1994). 

32. A. Marchler-Bauer et al., Nucleic Acids Res. 37 
(database issue), D205 (2009). 

33. J. H. Zhang, T. D. Chung, K. R. Oldenburg, J. Biomol. 
Screen. 4, 67 (1999). 

34. J. Ray, V. Scarpino, C. Laing, M. E. Haskins, J. Hered. 90, 
119 (1999). 

35. P. J. Turnbaugh et al., Nature 449, 804 (2007). 

36. C. L. Sears, Anaerobe 11, 247 (2005). 

37. J. P. Grill, C. Manginot-Durr, F. Schneider, J. Ballongue, 
Curr. Microbiol. 31, 23 (1995). 

38. M. G. Brattain, W. D. Fine, F. M. Khaled, J. Thompson, 
D. E. Brattain, Cancer Res. 41, 1751 (1981). 

39. B. Siegmund et al., J. Pharmacol. Exp. Ther. 296, 

99 (2001). 

40. We thank members of the Redinbo Laboratory at UNC 
Chapel Hill, the Mani lab and Einstein College of 
Medicine, and the BRITE Institute for experimental 
assistance and helpful discussions; B. Allard at UNC 
Chapel Hill for her expert help with the cytotoxicity assay; 
B. Sartor at UNC for providing bacterial cell lines; and 
E. Burgos in the Schramm lab at Einstein for use of the 
HPLC. Supported by NIH grant CA98468 (M.R.R.), the 
SPIRE Postdoctoral Fellowship Program at UNC Chapel 
Hill (K.T.L.), Damon Runyon Cancer Research Foundation 
grant Cl15-02 and NIH grant CA127231 (S.M.), and a 
grant from the Golden Leaf Foundation and the State of 
North Carolina (L.-A.Y.). Atomic coordinates and structure 
factors have been deposited with the PDB (accession 
codes: 3K4A, 3K46, 3K4D, 3LPF, and 3LPG). The authors 
remember Lisa Benkowski and Stacey Micoli, for whom 
CPT-11's efficacy was limited by its toxicity. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/330/6005/831/DC1 
Materials and Methods 

SOM Text 

Figs. $1 to $19 

Tables $1 and $2 

References 


20 April 2010; accepted 27 August 2010 
10.1126/science.1191175 


The Mechanism for Activation of GTP 
Hydrolysis on the Ribosome 


Rebecca M. Voorhees,* T. Martin Schmeing,*+ Ann C. Kelley, V. Ramakrishnant 


Protein synthesis requires several guanosine triphosphatase (GTPase) factors, including 

elongation factor Tu (EF-Tu), which delivers aminoacyl—transfer RNAs (tRNAs) to the ribosome. 

To understand how the ribosome triggers GTP hydrolysis in translational GTPases, we have determined 
the crystal structure of EF-Tu and aminoacyl-tRNA bound to the ribosome with a GTP analog, to 

3.2 angstrom resolution. EF-Tu is in its active conformation, the switch | loop is ordered, and the 
catalytic histidine is coordinating the nucleophilic water in position for inline attack on the y-phosphate 
of GTP. This activated conformation is due to a critical and conserved interaction of the histidine 
with A2662 of the sarcin-ricin loop of the 235 ribosomal RNA. The structure suggests a universal 
mechanism for GTPase activation and hydrolysis in translational GTPases on the ribosome. 


requires exogenous protein factors, including 
several guanosine 5’-triphosphate (GTP)— 
hydrolyzing enzymes known as GTPases. These 
proteins are essential and highly conserved and 
include elongation factor Tu (EF-Tu), which de- 


I: all stages of protein synthesis the ribosome 


livers aminoacyl-tRNA to the ribosome as part of 
a ternary complex (TC) with GTP, as well as 
elongation factor G and initiation factor 2 (/). 
The architecture of the GTP-binding domain is 
similar in all translational GTPases from bacteria 
to higher eukaryotes, and hydrolysis is accom- 


panied by conformational changes in the con- 
served switch I and II regions (2). Furthermore, 
translational GTPases bind to the same region of 
the ribosome in all species (3, 4). The conserved 
binding site and structural similarities suggest 
that there is a common mechanism by which the 
ribosome activates GTP hydrolysis in these fac- 
tors. However, despite more than 40 years of 
research, this mechanism has remained elusive. 
The catalysis of GTP hydrolysis in trans- 
lational GTPases requires an invariant histidine 
(His** in EF-Tu) that acts as a general base, ab- 
stracting a proton from a water molecule, for in- 
line attack on the y-phosphate of GTP (5—7). The 
intrinsic GTPase activity of translational GTPases 
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is low (8) and increases markedly upon produc- 
tive binding to the ribosome (9, 70). For EF-Tu, 
efficient GTPase activation requires the binding 
of an aminoacyl-tRNA to its cognate mRNA 
codon. Activation could be accomplished either 
indirectly, i.e., proper ribosome binding induces 
an active conformation of the G factor, and/or 
more directly, with the ribosome playing an 
active role in catalysis. The ribosomal compo- 
nents that compose the GTPase binding site and 
therefore may be important for hydrolysis include 
the sarcin-ricin loop (SRL) of the 23S ribosomal 
RNA (rRNA) (3, //), the L11 protein and rRNA 
(72), and the protein L12 (/3). 

Premature GTP hydrolysis in EF-Tu is 
thought to be prevented by a “hydrophobic gate,” 
consisting of residues Val”° of the P loop and 
He” of switch I, which restricts access of His** 
the catalytic water (6). Proposals of how the hy- 
drophobic gate is “opened” include that His“* 
would simply “push” through the gate when ac- 


A 


Fig. 1. The ternary complex bound to the ribosome in the activated state. (A) 
EF-Tu (red) and aminoacyl-tRNA (green) bound to the 70S ribosome, stabilized 
by GDPCP (blue). (B) Unbiased F, — F, electron density displayed for the switch 


EF-Tu (activated) 


Fig. 2. The active site of EF-Tu during decoding. (A) Superposition of the 
GTPase centers from the isolated TC (gray) (29) and the TC-GDPCP-ribosome 
(red). Small movements are observed for hydrophobic gate residues Val”° and 


tivated (6), or that a disordering (/4, 75) or rad- 
ical rearrangement of switch I removes this steric 
block (/6—18). However, these hypotheses were 
made on the basis of structures of EF-Tu in 
isolation, or studies of the posthydrolysis, kirromycin- 
stalled complex on the ribosome. A conclusive 
understanding of how GTPase activation occurs 
on the ribosome requires the structure of a com- 
plex of EF-Tu before GTP hydrolysis. 

Here, we report the crystal structure of EF-Tu 
bound to the 70S ribosome along with Trp- 
tRNA", and the antibiotic paromomycin, stalled 
in the activated conformation by the GTP analog 
B-y-methyleneguanosine 5’-triphosphate (GDPCP), 
at 3.2 A resolution. The structure reveals the GTPase- 


competent form of EF-Tu and suggests a universal 
mechanism for GTP hydrolysis on the ribosome. 

The overall conformations of the ribosome, 
EF-Tu, and the aminoacyltRNA are as previously 
reported (/5) (Fig. 1A), and all the conformational 
changes predicted to communicate codon recog- 


(red sphere), and His®* 


GDPCP 


) EF-Tu (TC) 
Ribosome binding 


to position His°* 


GDPCP 


2)EF-Tu (activated) 


nition to EF-Tu are observed, except that the switch 
I loop is ordered in the GTPase center (Fig. 1B). 
Additionally, the catalytic histidine is activated 
and coordinating a water for inline attack on the 
y-phosphate of the GTP analog (Fig. 1C). 

As well as providing insight into the mechanism 
of GTP hydrolysis of all translational GTPases, 
this structure represents a key, missing state in the 
decoding pathway. High-resolution crystal struc- 
tures have previously been determined for the iso- 
lated TC (19) and the posthydrolysis state stalled 
on the ribosome by kirromycin (/5). In conjunc- 
tion with these two structures, this structure of the 
activated GTP state bound to the ribosome pro- 
vides insight into the chemical details of the com- 
plete hydrolysis pathway of EF-Tu. 

Before ribosome binding, the TC contains an 
unbent tRNA, and switch I, switch II, and the P 
loop are ordered around the GTP molecule in the 
active site. However, the catalytic His** (switch 
II) is rotated away from GTP in an inactive con- 


Switch | 


| loop. (C) Unbiased F, — F, electron density for GDPCP, the water molecule 
positioned in a catalytically active conformation. E. coli 
number is used throughout the text. 
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3)EF-Tu (GDPy/kirr) 
GTP hydrolysis 


Pi 


Ile®°. (B) GTPase activation allows the phosphate of A2662 of the SRL (orange) 
into the active site. After GTP hydrolysis (75) and P; release, 
switch | becomes disordered (dashed line) and His°* 


rotates away from GDP. 
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formation (79). Ribosome binding and codon rec- 
ognition induce the bent tRNA in the A/T state 
(where the anticodon interacts with the mRNA in 
the A site and the acceptor end is bound to EF-Tu) 
(20), as well as conformational changes in the 
tRNA, 30S ribosomal subunit, and EF-Tu essential 
for triggering GTP hydrolysis (/5). Productive 
binding of the TC to the ribosome results in a shift 
of the G domain of EF-Tu by up to ~7 A, to avoid a 
steric clash between switch I and the SRL of the 
23S rRNA. Ribosome binding also causes a dis- 
tortion in the 3’ end of the aminoacyl-tRNA be- 
tween residues 72 and 75 as reported (/5), which 
releases contacts between the tRNA backbone and 
the switch I loop (fig. S1). However, in contrast to 
our previous prediction, this alone does not disorder 
switch I, which is largely unchanged from its con- 
formation in the isolated TC (Fig. 2A) (79). 

Although switch I remains ordered in the ac- 
tive site, the catalytic histidine is in its activated 
conformation (Fig. 2). We see no evidence that 
large rearrangements are required for catalysis (fig. 
S1) (15-18). Instead, the “open” state is reached 
by a 1.2 A shift in the side chain of Ie®, an ~80° 
rotation of the side chain of Val’°, and a small 
movement of the backbone of residues 19 to 22 
away from the GTP analog (Fig. 2). The confor- 
mation of switch I is similar to that modeled for 
the eukaryotic ortholog of EF-G bound to B-y- 
imidoguanosine 5’-triphosphate (GDPNP) on the 
ribosome (2/). 

These small changes in the active site would 
subtly increase the space between switch I and 
the P loop, possibly facilitating GTP hydrolysis. 
However, our analysis suggests that even the 
“closed” hydrophobic gate (/9) could accommo- 
date the activated conformation of His’ and would 
not preclude binding of a water in its catalytic 


Fig. 3. Chemical mech- 
anism of GTP hydrolysis. 
(A) Highly conserved His™ 
acts as a general base to 
activate the catalytic wa- 
ter molecule, which is po- 
sitioned by interactions 
with Thro, Gly’, and 
His®*, (B) Chemical struc- 
ture diagram depicting 
the interactions between 
EF-Tu and GTP that sta- 
bilize the B and y phos- 
phates, allowing GTP 
hydrolysis to occur (see 
also fig. $3). B 
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position, though a water is not observed. Instead, to 
prevent GTP hydrolysis before codon recognition, 
the activated conformation of His™ must be unfa- 
vorable in solution. Indeed, the adjacent residues, 
Gly*? and Pro*, are more than 98% conserved, 
and mutational data suggest that the flexibility of 
these residues may be important (19, 22). 
GTPase activation by the ribosome therefore 
does not involve an opening of the hydrophobic 
gate, but rather requires the specific positioning 
of His™ into the active site. In this activated struc- 
ture of EF-Tu, the phosphate of residue A2662 of 
the SRL orders His** in its catalytic conformation, 
which then acts as a general base to allow the nu- 
cleophilic water molecule to attack the y-phosphate 
of GTP (Figs. 2 and 3). When positioning His", 
the phosphate of A2662 could also conceivably 
participate in a charge-relay system that facilitates 
the deprotonation of the water by His“, playing a 
role analogous to that of the catalytic aspartic acid 
in serine proteases (23). However, the existence 
and contribution of such a mechanism would need 
to be assessed by biochemical experiments. The 
activation does not require movements within the 
SRL, as its overall conformation is similar to that in 
previous 70S' ribosome structures (15, 24). This 
critical role of the sarcin-ricin loop answers the 
long-standing question of why the SRL is im- 
portant for binding and GTPase activation by the 
ribosome. The toxin a-sarcin acts by cleaving the 
23S rRNA between residues G2661 and A2662 
(11), exactly the phosphate group activating His™*. 
It is therefore clear why cleaving this bond, or in- 
troducing mutations at nearby sites in the SRL 
(25), leads to defects in His™ positioning and GTP 
hydrolysis (1/7, 26). o.-Sarcin is active against both 
bacterial and eukaryotic ribosomes and causes 
similar defects in the function of their respective 
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translational GTPases (/7, 26). We therefore 
predict that the positioning of the catalytic histi- 
dine into the active site by A2662 of the SRL is 
the universal mechanism for GTPase activation 
on the ribosome. EF-G has additional interactions 
between its domain 3 and A2660 of the SRL, 
which explains why depurination of A2660 by 
the toxin ricin affects EF-G, but not EF-Tu (26). 

Ribosome association alone is not sufficient 
for A2662 to activate His®*. Rather, all of the 
conformational changes that occur upon cognate 
codon recognition in the ribosome (codon-anticodon 
monitoring, domain closure), the tRNA (A/T state, 
3’ end distortion), and EF-Tu (8-loop interaction 
with 30S shoulder, G domain shift) (75) are es- 
sential for properly positioning the GTPase cen- 
ter of EF-Tu for activation by the SRL. The energy 
required to induce these movements is balanced 
against the energy derived from binding of a cog- 
nate tRNA, including that from interactions of the 
16S rRNA residues A1492, A1493, and G530 
with the minor groove of the codon-anticodon 
helix (27). Even subtle changes in the position of 
the G domain relative to the SRL would cause 
defects in GTPase activation by preventing A2662 
from properly placing His™ into the active site. 

The activation of GTP hydrolysis in EF-Tu 
by the SRL is similar to the regulation of cellular 
GTPases by their partner proteins. Unlike the 
classic cases of Rho and Ras, in which their GTPase 
activator proteins (GAPs) directly donate catalyt- 
ic residues (28, 29), other G proteins are activated 
by “regulator of G-protein signaling” (RGS) pro- 
teins, which instead stabilize the active conforma- 
tion of the GTPase (30). By analogy, the SRL acts 
as an RGS-type GAP for translational GTPases. 

All components required for GTPase activa- 
tion should be present in this catalytically active 
structure. Notably, we see no evidence that ribo- 
somal protein L12, predicted to be important for 
hydrolysis, is interacting with EF-Tu, though such 
an interaction would be compatible with the 
crystal packing. Indeed, it is sterically impossible 
for L12 or any other protein to interact with GTP, 
consistent with data suggesting that L12 does not 
function directly in catalysis (73, 3/7, 32). Fur- 
thermore, deletion of the eukaryotic orthologs of 
L12 from yeast ribosomes is not lethal (33), in- 
dicating that L12 may not be critical for achiev- 
ing GTP hydrolysis. 

Following hydrolysis, inorganic phosphate (P;) 
is released from EF-Tu. The y-phosphate of GTP 
makes several contacts with switch I through 
residue Thr” (Fig. 3 and fig. $3), and release of 
P; could destabilize and perhaps even require 
movement of switch I. This and the loss of inter- 
actions with the 3’ end of the tRNA backbone 
(fig. S1) lead to the previously observed disorder- 
ing of switch I (75, 78). Furthermore, comparison 
of the kirromycin- and the GDPCP-stalled com- 
plexes shows a rotation of ~4° of the G domain 
relative to domains 2 and 3 (fig. S4). There is a 
corresponding movement in the acceptor stem of 
the tRNA, in order to maintain interactions with 
switch II (75), which could explain the subtle 


5 NOVEMBER 2010 


837 


Downloaded from www.sciencemag.org on November 4, 2010 


REPORTS 


difference in fluorescence signal between the 
activated and kirromycin-stalled states (34). 

This structure of 70S-+tRNA—EF-Tu-GDPCP 
provides an atomic-resolution model of a trans- 
lational GTPase in its activated state. Codon rec- 
ognition leads to a series of conformational changes 
in the 30S subunit, tRNA, and EF-Tu that posi- 
tion EF-Tu for GTP hydrolysis. GTPase activation 
does not require a large opening of the “hydro- 
phobic gate,” but instead requires the positioning 
of the catalytic histidine into the active site by the 
SRL residue A2662. The high level of sequence 
and structural conservation between all transla- 
tional GTPases suggests that although each factor 
recognizes a distinct ribosomal state, each must 
bind in such a way that the SRL interacts with its 
catalytic histidine. Therefore, GTPase activation 
by the SRL is the universal mechanism for trig- 
gering GTP hydrolysis on the ribosome across all 
kingdoms of life. 
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Evolution of Yeast Noncoding RNAs 
Reveals an Alternative Mechanism 
for Widespread Intron Loss 


Quinn M. Mitrovich,”?* Brian B. Tuch,*?*t Francisco M. De La Vega,* 


Christine Guthrie,?+ Alexander D. Johnson”*+ 


The evolutionary forces responsible for intron loss are unresolved. Whereas research has focused 

on protein-coding genes, here we analyze noncoding small nucleolar RNA (snoRNA) genes in 

which introns, rather than exons, are typically the functional elements. Within the yeast lineage 
exemplified by the human pathogen Candida albicans, we find—through deep RNA sequencing and 
genome-wide annotation of splice junctions—extreme compaction and loss of associated exons, but 
retention of snoRNAs within introns. In the Saccharomyces yeast lineage, however, we find it is the 
introns that have been lost through widespread degeneration of splicing signals. This intron loss, 
perhaps facilitated by innovations in snoRNA processing, is distinct from that observed in 
protein-coding genes with respect to both mechanism and evolutionary timing. 


quently interrupted by introns, which must be 
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the nuclear spliceosome (/). Over evolutionary 
time scales, the presence of introns is dynamic, 
with intron gain and loss rates varying substan- 


Fig. 1. Sequence library com- 
parisons reveal noncoding 
RNAs. RNA sequence data are 
shown for MRPS35, a repre- 
sentative protein-coding gene 
that hosts a snoRNA within its 
intron. Nonadenylated RNAs, 
such as mature snoRNAs, are 


urRNA depletion 
coverage overlap 


sequence coverage 
poly(A) selection 


tially across eukaryotic lineages (2-4). The mech- 
anisms of intron gain and loss speak to questions 
about both the origins of introns and the markedly 
different intron-exon patterns observed across eu- 
karyotes (5}—for example, whether spliceosomal 
introns arose within eukaryotes (“introns late’’), 
within an ancestor of both prokaryotes and eu- 
karyotes (“introns early”), or even before the emer- 
gence of protein-coding genes (“introns first’) (6). 
The last two hypotheses depend on the feasibility 
of comprehensive intron loss within both the pro- 
karyotic and archaeal lineages, whose modern 
representatives lack spliceosomal introns. Within 
eukaryotes, the hemiascomycetous yeasts show 
substantial intron loss, with modern species like 
Saccharomyces cerevisiae and Candida albicans 
devoid of introns in >90% of their genes (7). A 
postulated mechanism for this loss is reverse 
transcription of spliced RNA, followed by homol- 
ogous DNA recombination that replaces the intron- 
containing genomic sequence with the intronless 
copy (8). Previous studies of intron loss have 
focused on protein-coding genes, however, and 
are therefore likely to be biased toward mecha- 


orf19.3559 (MRPS35) 


snoscan prediction B 


enriched in the rRNA-depleted library relative to the poly(A)-selected library. Sequence depth is represented 
on a log» axis. (Bottom track) One of 1706 lower-confidence snoRNA predictions generated using the 


snoscan algorithm (22). 
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Fig. 2. snoRNA-associated introns were lost in the Saccharomyces lineage. (A) Intron prediction scores 
[combined 5’ splice site and branch site species-specific PWM scores (25)] for 40 C/D box snoRNA flanking 
sequences (+ 200 nt) in seven representative hemiascomycetes. Each snoRNA (horizontal row) is labeled 
according to the nomenclature of S. cerevisiae (where applicable) or NV. crassa (CD39) or by the predicted 
C. albicans rRNA modification site. Intron scores greater than 5.0 (false-positive rate <0.4%) are shaded 
green. Inferred intron loss events for each snoRNA, based on parsimony, are indicated on the left and 
correspond to labeled branches (not drawn to scale) in the phylogeny shown above and in (B). snoRNAs 
that were not identified or that lack sufficient flanking sequence to score are gray and labeled NA or ND, 
respectively. Locations of NV. crassa orthologs (green for intronic, white for exonic) are derived from (12). 
Intron scores for reverse-complements of flanking sequences (right) are provided as a negative control. 
(B) Phylogenetic pattern of snoRNA-associated intron loss. The number of loss events assigned to each 
branch is indicated in yellow. Species: WN. crassa, Y. lipolytica, Debaryomyces hansenii, C. albicans, 
Kluyveromyces lactis, Kluyveromyces waltii, Zygosaccharomyces rouxii, and S. cerevisiae. 
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nisms that lead to precise intron removal. Here, 
we examine instead the evolution of splicing pat- 
terns in yeast noncoding genes. 

We performed massively parallel ligation-based 
sequencing of RNA libraries (RNA-seq) and mapped 
the resulting ~160 million 50-nucleotide (nt) strand- 
specific sequence reads to the C. albicans genome 
(9). Our data confirm 89% of 421 previously an- 
notated spliceosomal introns (7, /0) (table S1), 
while correcting or rejecting seven of these an- 
notations (table S2). We also find 68 previously 
unannotated splice junctions, identifying 15 new 
introns in protein-coding genes (table S3), 30 
examples of alternative splicing [table S4 and 
supporting online (SOM) text], and 23 new in- 
trons in previously unannotated transcripts that lack 
substantial protein-coding potential (table S5). Anal- 
ysis of 11 of these spliced, noncoding RNAs 
revealed that their exons have no apparent function, 
but that their introns contain C/D box snoRNAs— 
noncoding RNAs that target modifications to 
ribosomal RNA (tRNA) (//). In the nonhemias- 
comycetous fungus Neurospora crassa, snoRNAs 
are also generally processed from the introns of 
non-protein-coding precursors (/2). This is differ- 
ent, however, from the more closely related hemi- 
ascomycete S. cerevisiae, where nearly all saoRNAs 
arise from unspliced primary transcripts and, there- 
fore, require a splicing-independent processing 
pathway (/3). This difference between C. albicans 
and S. cerevisiae suggests that the transition of 
snoRNAs from intron sequences to unspliced, 
dedicated transcripts occurred within the Saccha- 
romyces lineage, well after the onset of rapid 
intron loss from protein-coding genes in the hemi- 
ascomycete ancestor. 

To trace the evolution of snoRNAs through- 
out the hemiascomycetes, we first generated 40 
high-confidence C/D box snoRNA predictions 
for C. albicans (e.g., Fig. 1). Among these are the 
11 identified in our intron analysis (above), as well 
as the previously identified snR52 (14). We searched 
for splicing signals in sequences adjacent to snoRNAs, 
and predict that 33 of the 40 identified C. albicans 
snoRNAs are intronic. This confirms the difference 
between C. albicans and S. cerevisiae, as C/D box 
snoRNAs in the latter species are rarely intronic [6 out 
of 47 (/3)]. 

We next identified orthologous snoRNAs from 
other sequenced yeasts (Fig. 2), beginning with 
computational predictions (or, for S. cerevisiae, 
existing annotations), identifying candidate orthologs 
of our C. albicans set based on their predicted rRNA 
target sites, and finally confirming and refining 
our predictions by searching for limited primary 
sequence identity among predicted snoRNAs (/5). 
This final refinement identified snoRNAs whose 
rRNA target sites had changed between species, 
demonstrating evolutionary plasticity in yeast rRNA 
methylation sites (fig. S1). We predict that 105 of 
the 255 analyzed snoRNAs are located within in- 
trons (Fig. 2A). Individual species vary considerably: 
Those in the Saccharomyces complex have few 
intronic snoRNAs (three to five), whereas others 
have substantially more (23 to 33). The most par- 
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simonious explanation for these data is massive loss 
of snoRNA-associated introns, most of which took 
place in the common ancestor of the Saccharomy- 
ces complex (Fig. 2B). 

The intron loss mechanism proposed for 
protein-coding genes—tretrotransposition of spliced 
mRNAs—cannot explain the pattern we observe, 
as it would eliminate the snoRNAs along with 
the introns. Rather, the introns appear to have 
been lost through degeneration of their splicing 
signals, effectively converting them into unspliced 
exon sequence. In N. crassa (12) and hemiascomy- 
cetes outside the Saccharomyces complex, snoRNAs 
in the snR72-78 polycistronic cluster are mostly 
contained within individual introns (Fig. 3A). In 
S. cerevisiae, the genes are arranged identically, 
but are cotranscribed as a single unspliced pre- 
cursor, then processed into individual snoRNAs 
by the RNase III enzyme Rnt1 (/6). The conser- 
vation of genomic synteny among these species 
strongly suggests intron loss through splice site 
degeneration (“de-intronization”) with Yarrowia 
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snR77_ snR76 
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lipolytica and the Candida clade representing 
an intermediate state of partial intron loss and 
S. cerevisiae representing complete intron loss. The 
snR57 cluster similarly supports this idea (be- 
low), as do the gene structures of snR47 and snR79 
(SOM text). 

Intron loss through splice-site degeneration 
would not be expected to occur within protein- 
coding genes, as this would disrupt the encoded 
protein. Consistent with this prediction, of the 
five snoRNAs located in introns within protein- 
coding regions in C. albicans, four remain asso- 
ciated with introns in nearly all the Saccharomyces 
complex species [snR18, snR24, snR54, and 
CD39; (Fig. 2A)]. The fifth, s1R39b, was likely 
displaced from its associated coding sequence 
through a genomic duplication event (fig. S2B). 
The snoRNA CD39 is located within the ribo- 
somal protein gene MRPS35 intron in all but 
one of the species we analyzed (Fig. 2A). The 
exception is S. cerevisiae, where MRPS35 has lost 
its intron, presumably through retrotransposition 
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Fig. 3. Polycistronic snoRNA precursors exhibit unusual splicing patterns. (A) Splicing of the snR72-78 
cluster in various fungal species (phylogenetic relations on left). snoRNAs are shown in green, introns as 
lines, and exons as yellow boxes, with internal exons labeled by size. Cotranscription of entire clusters has 
been demonstrated only for S. cerevisiae (16) and N. crassa (12). (B) Nested splicing of the snR57/55/61 
snoRNA cluster in C. albicans. The 5’ splice site, branch site, and 3’ splice site sequences are shown for 
introns 1 (pink), 2 (blue), and 3 (orange). Gray “exons” represent sequences joined with intron 1, by splicing 
of introns 2 and 3, to create de novo intron 1 splice sites. (Inset) Reverse transcription polymerase chain 
reaction products of the snoRNA host transcript from wild-type cells and those deficient for nonsense- 
mediated mRNA decay (upf1-A) or nuclear exonucleolytic decay (rrp6-A). We infer the order of splicing 
events from the observable products: Intron 3 is nearly always removed, intron 2 is removed in a subset of 
transcripts (lower two bands), and intron 1 only when 2 and 3 have also been removed (lower band). 
Patterns in decay mutants are consistent with degradation of partially spliced host transcripts in the nucleus. 


rather than deintronization. This appears to have 
eliminated CD39 from the genome as well: The 
predicted rRNA methylation site for this snoRNA 
is unmodified in S. cerevisiae (13). 

In C. albicans, one unusual case of splicing 
may reflect the particular processing require- 
ments imposed by intron-hosted snoRNAs. The 
snoRNAs smR57, snR55, and snR6/ are processed 
from three introns of a single precursor (Fig. 3B). 
We find that two of the introns (introns 2 and 3) 
lie entirely within the sequence of an enveloping 
intron (intron 1). The splicing signals for intron 
1 are not present in the primary transcript, but 
are created upon splicing of introns 2 and 3. 
Thus, splicing of intron 1 can occur only after 
introns 2 and 3 have been removed. (See SOM 
text for similar scenarios in protein-coding 
genes of other eukaryotes.) Analysis of both the 
snR57/55/61 and the snR72-78 clusters in other 
species indicates a significant reduction in the 
sizes of internal exons within the hemiasco- 
mycetes, driven perhaps by the same pressures 
that streamlined their genomes (/7) and leading 
ultimately to nested splicing within the Candida 
clade (fig. S3). In animals and fungi, intron-hosted 
C/D box snoRNAs obey a strict ““one-snoRNA- 
per-intron” rule, a requirement imposed by their 
exonucleolytic maturation pathways (/8). Nested 
splicing of snoRNA host transcripts fulfills this 
requirement by allowing sequential removal of 
individual introns despite the absence of interven- 
ing exons. 

Selective pressures are proposed to have driven 
intron loss from hemiascomycete protem-coding 
genes (/9), and these same pressures may have 
driven the loss we observe here. The dependence 
of snoRNAs on splicing for their proper matura- 
tion, however, would have imposed a constraint 
against loss of their associated introns (/8). This 
constraint may have been overcome by the inno- 
vation of an alternative snoRNA processing path- 
way in the Saccharomyces lineage, where exonic 
C/D box snoRNAs first undergo endonucleolytic 
cleavage by the RNase III enzyme Rnt1 (20). None- 
theless, some capacity to process exonic snoRNAs 
must be more ancient, because other hemiasco- 
mycetes (Fig. 2) and more distantly related fungi 
(12) do have some exon-hosted snoRNAs. It is 
unknown, however, whether processing of such 
snoRNAs involves Rntl (SOM text). 

Studies of protein-coding genes have revealed 
a dramatic increase in the rate of intron loss in the 
hemiascomycete ancestor (2/). By focusing in- 
stead on noncoding RNAs, we describe unex- 
pected patterns of both exon and intron loss. A 
drastic reduction in the sizes of internal exons has 
ultimately led to their complete loss in Candida 
species, resulting in a complex form of splicing that 
maintains the independent removal of now over- 
lapping introns. The Saccharomyces complex, how- 
ever, has experienced a second wave of intron 
loss, perhaps facilitated by innovations in snoRNA 
processing and mediated by a mechanism—splice 
site degeneration—distinct from that which has 
acted on protein-coding genes. 
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Fate Mapping Analysis Reveals 
That Adult Microglia Derive from 
Primitive Macrophages 
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Microglia are the resident macrophages of the central nervous system and are associated 

with the pathogenesis of many neurodegenerative and brain inflammatory diseases; however, 
the origin of adult microglia remains controversial. We show that postnatal hematopoietic 
progenitors do not significantly contribute to microglia homeostasis in the adult brain. In 
contrast to many macrophage populations, we show that microglia develop in mice that lack colony 
stimulating factor-1 (CSF-1) but are absent in CSF-1 receptor—deficient mice. In vivo lineage 
tracing studies established that adult microglia derive from primitive myeloid progenitors that arise 
before embryonic day 8. These results identify microglia as an ontogenically distinct population in 
the mononuclear phagocyte system and have implications for the use of embryonically derived 
microglial progenitors for the treatment of various brain disorders. 


Ithough microglial ontogeny is an exten- 
sive area of research, much controversy 
remains regarding the nature of microg- 
lial progenitors (/, 2). The most consensual hy- 
pothesis to date is that embryonic and perinatal 
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hematopoietic waves of microglial recruitment 
and differentiation occur in the central nervous 
system (CNS) (/, 2). However, the exact con- 
tribution of embryonic and postnatal hemato- 
poietic progenitors to the adult microglial pool in 
the steady state remains unclear. We examined 
the contribution of primitive and definitive hema- 
topoiesis to the adult microglial population that 
populates the CNS during normal development. 
Our results provide direct evidence that adult 
microglia derive from primitive myeloid progen- 
itors that arise before embryonic day 8 (age E8.0) 
and for the predominant contribution of primitive 
myeloid progenitors to an adult hematopoietic 
compartment. 

To address the contribution of perinatal cir- 
culating hematopoietic precursors to microglial 
homeostasis, we reconstituted sublethally irra- 
diated C57BL/6 CD45.2* newborns with hema- 
topoietic cells isolated from CD45.1° congenic 
mice (3). Although more than 30% circulating 
leukocytes and tissue macrophages were of do- 
nor origin 3 months after transplant (fig. S1A), 
95% of adult microglia remained of host origin at 


this time point (fig. S1, A and B). These results 
suggest that, in contrast to previous reports (4, 5), 
perinatal circulating hematopoietic precursors, 
including monocytes, do not substantially con- 
tribute to adult microglial homeostasis. With use 
of adult congenic bone marrow chimera models, 
evidence in favor of (6-8) and against (9, 70) the 
contribution of circulating hematopoietic cells to 
microglial homeostasis has been proposed. We 
found consistently that 10 to 20% of microglia in 
the brain parenchyma are of donor origin at 10, 
15, and 21 months after transplant (fig. S1C). 
Parabiotic mice, which share the same blood 
circulation, provide a means to follow the turn- 
over of adult circulating hematopoietic precur- 
sors without the need for exposure to radiation 
injuries. Although the mixing of the myeloid 
lineage is less efficient than the mixing of the 
lymphoid lineage (//), an average of 30% of mono- 
cytes and tissue macrophages were donor-derived 
at 1 month and 12 months after parabiosis (fig. 
S1D) (72). In contrast, less than 5% of microglia 
were donor-derived at these time points (fig. S1D), 
in agreement with a previous report on 5-month- 
old parabionts (9). Consistent with previous re- 
ports (9, /0, 13), these results suggest that the 
recruitment of bone marrow-derived cells to the 
brain of chimeric animals is dependent on radiation- 
induced brain injuries that followed the trans- 
plantation regimen. These results also suggest 
that postnatal microglia are maintained indepen- 
dently of circulating monocytes throughout life 
and are maintained by local radio-resistant pre- 
cursors that colonize the brain before birth. 
Next, we examined the origin of microglia 
during development. In mouse embryos, the first 
wave of hematopoietic progenitors appears in the 
extra-embryonic yolk sac and leads to the pro- 
duction of primitive hematopoiesis, which takes 
place between E7.0 and E9.0 (/4, 15). An in- 
dependent wave of hematopoiesis termed “defin- 
itive hematopoiesis” is initiated within the embryo 
proper in the aorta, gonads, and mesonephros 
(AGM) region (/4, 75). Around E10.5, hema- 
topoietic progenitors start to colonize the fetal 
liver, which serves as a major hematopoietic or- 
gan after E11.5, whereas later during develop- 
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ment hematopoiesis takes place in the spleen and 
bone marrow (/5). Tissue macrophages in the 
adult are thought to derive from bone marrow 
monocytes, and the contribution of primitive hem- 
atopoiesis to adult tissue macrophages remains 
unclear (/6). To determine the developmental 
stage at which the seeding of myeloid cells occurs 
in the brain, we used Cx3cr 12” knockin mice (17) 
because the fractalkine receptor (CX3CR1) is a 
marker of early myeloid progenitors (78) and mi- 
croglia (/9). Consistent with previous results (20), 
myeloid cells expressing the hematopoietic marker 
CD45 and the adult macrophage/microglia markers 
CD11b, F4/80, and CX3CR1 were detectable in the 


developing brain starting from E9.5 (Fig. 1, A and 
B and fig $2). At E10.5, microglia cells were pres- 
ent in both the cephalic mesenchyme and the neu- 
roepithelium, although at a lower density in the latter 
(Fig. 1A, fig. S2, and movies S1 and S82). The phe- 
notype of microglial cells resembled that of yolk 
sac macrophages throughout embryonic develop- 
ment (Fig. 1, B and C, and fig. S3). Analysis of the 
DNA content of microglia and in vivo live imaging 
indicated that they were highly proliferative through- 
out embryonic life (fig. S4 and movie $3). 

The differentiation of most macrophage pop- 
ulations in adult mice is controlled by colony 
stimulating factor-1 (CSF-1) and its receptor 


DAPI _CX3CR1 


(CSF-1R) (21), but the role of the CSF-1 and 
CSF-1R in the development of yolk sac primitive 
macrophages and microglia is unknown. We found 
that CSF-1R was expressed in similar amounts 
on yolk sac macrophages and microglia at E9.5 
(Fig. 2A). CSF-1R expression on microglia was 
maintained throughout development (Fig. 2A 
and fig. S5). Consistent with a requirement for 
CSF-1R expression, absence of CSF-1R greatly 
reduced the development of microglia (Fig. 2B 
and fig. S6A) and yolk sac macrophages (Fig. 2C 
and fig. S6B), whereas circulating monocytes 
were present in these mice (fig. S6, C and D). 
Furthermore, microglia remained largely absent 
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Fig. 1. Microglia arise during early embryonic life. (A) Left image, schematic of the 
imaging field. Right image, three-dimensional rendering of E10.5 brain rudiment 
from Cx3cr12”* mice. DAPI (blue) stains the ectoderm. Representative data of two 
experiments . (B and C) Flow-cytometric analysis of the expression of CD11b and 
GFP (CX3CR1) on gated 4’,6’-diamidino-2-phenylindole (DAPI)—CD45* brain (B) 
and yolk sac (C) cells isolated from Cx3cr12°* mice at different stages during 


development. Histograms show F4/80 (red) or isotype control (blue) on gated cells. 
Representative data of three experiments. 
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throughout life in CSF-1R-deficient mice (Fig. 
2B and fig. S6A). All together, these results sug- 
gest that the development of yolk sac macrophages 
and microglia, but not monocytes, is strongly de- 
pendent on CSF-1R. In contrast to many tissue 


Fig. 2. Microglia and yolk sac macrophages are 
absent in Csf-1r~ mice. (A) Flow-cytometric analysis 
of CSF-1R expression (red) on microglia and yolk sac 
macrophages (blue, isotype control). Representative 
data of three experiments. (B and C) Percentage of 
microglia (B) and yolk sac macrophages (C) in Csf- 
1r* (black squares) or control littermate (Wt) (white 
squares) FVB/N] mice. Pooled data from three 
separate experiments. **P < 0.001; ***P < 0.0001. 
(D) Coronal sections of 3-week-old Wt, Csf-19”?, and 
Csf-Ir’~ brains of region boxed in the schematic 
stained for the microglial marker Iba1. DG indicates 
dentate gyrus; Cx, cerebral cortex; CA3, CA3 region 
of the hippocampus. Mean number of Iba1* cells per 
field from three different brain regions is shown. 
Average of six fields (0.5 mm?) per region per 
genotype. Error bars represent mean + SD of data 
from two pooled experiments. *P < 0.05; ****P < 
0.00001. 


> 


E10.5 


Yolk sac 


macrophages, adult microglia can still form, albeit 
at reduced levels in Csf-J°°? mice, which carry a 
natural null mutation of the Csf/ gene (22), but 
are absent in mice that lack CSF-1R (Fig. 2D). A 
second CSF-1R ligand, interleukin 34 (IL-34), has 
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recently been identified in mice, humans (23), and 
birds (24). The expression of IL-34 mRNA in the 
brain is much higher than the expression of CSF-1 
mRNA during early postnatal development and in 
the adult (25), consistent with an important role for 
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Fig. 3. Microglia arise from primitive myeloid progenitors. 
Runx1":Rosa26"°" "mice were treated with 4'OHT to 
induce Cre-mediated recombination at E7.25 to E7.5 and 
analyzed at E10.5 [(A) to (C)] or at 8 weeks postbirth [(D) and 
(E)]. Controls are nontreated mice. (A) Flow-cytometric anal- 
ysis from one representative embryo showing the percent 
recombination among yolk sac macrophages and microglial 
progenitors. (B and D) Pooled data from two experiments 
showing the percent recombination among yolk sac macro- 
phages and microglial progenitors cells in embryos (B), and 
among monocytes and microglia in adult mice (n = 10) (D). 
(C) Correlation and regression analysis between the percent 
recombination in microglial progenitors and yolk sac macro- 
phages. 77, coefficient of regression. (E) Percent recombina- 
tion among monocytes, lung macrophages, and microglia in 


adult mice activated at different embryonic age. Error bars represent mean + SEM of pooled data from two experiments (n = 8 to 16). Gating strategy for each 
leukocyte population is detailed in fig. $8. 
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Fig. 4. Runx1* yolk sac progenitors seed the brain be- A 
tween E8.5 and E9.5 through blood circulation. (A and B) 
Runx1:Rosa*or?o" “"% ambryos activated at E7.25 to E7.5 
were isolated at E8.25 to E8.5 (A) or E9.25 to E9.5 (B) and 
processed for whole-mount LacZ staining as described in the 
materials and methods section. At E8.25 to E8.5, labeled cells 
are detected in the yolk sac but not in the brain rudiment or in 
the neural tube (A), whereas labeled cells infiltrate the brain 
rudiment of E9.25 to E9.5 embryos (B). (C to E) Yolk sac and 
brain rudiment tissues were isolated from E10.0 to E10.5 Nex” 
embryos or control littermates and processed for flow cytometry 
analysis as described in the materials and methods section. Dot 
plots show the presence of yolk sac macrophages in Ncx1~” em- 
bryos and control littermates (C), whereas microglia were present 
in control but not in NcxI~ embryos (D). (E) The percentage + 
SEM of hematopoietic cells (CD45*) in control littermates (white 
bars, n = 4) and Ncx1~ embryos (black bars, n = 3). 


IL-34 in the regulation of microglial homeostasis 
and with the increased severity of the microglial 
phenotype in Csf-J"* compared with Csf-1°P°? 
mice. 

To examine the potential contribution of 
primitive myeloid precursors to adult microglia 
in vivo, we performed lineage tracing studies by 
using mice that express the tamoxifen-inducible 
MER-Cre-MER recombinase gene under the 
control of one of the endogenous promoters of 
the runt-related transcription factor 1 (Runx/) 
locus. Runx1 expression is first seen at E6.5 and 
is strongly up-regulated around E7.5 in the prox- 
imal visceral yolk sac region, and, until E8.0, 
Runx1" cells are restricted to the extra-embryonic 
yolk sac and are absent from the embryo proper 
or allantois (26). We crossed the Runx]-MER- 
Cre-MER mice (Runx17"") with the Cre- 
reporter mouse strain Rosa26"?0% eYFP/R26R-eYEP 
and induced recombination by a single injection 
of 4-hydroxytamoxifen (4’'OHT) into pregnant 
females at different days of gestation. Active 
recombination in these knockin mice occurs in a 
small time window that does not exceed 24 hours 
postinjection (26) and leads to the irreversible 
expression of the enhanced yellow fluorescent 
protein (eYFP) reporter gene in Runx!” cells and 
their progeny. At E10.5, embryos activated at 
E7.25 to E7.5 exhibited a similar proportion of 
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rudiment 
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ssc 
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labeled yolk sac macrophages and microglia 
[31% + 10.8 (SE) for yolk sac macrophages 
and 32% + 10.7 for brain progenitors, n = 10] 
(Fig. 3, A and B). The proportion of brain- 
infiltrating hematopoietic cells and microglia was 
similar in control littermate and heterozygote 
RunxI@" embryos, suggesting that microglia 
homeostasis was not perturbed in Runx17°” 
embryos (fig. S7, A and B). Furthermore, the 
proportion of eYFP* microglia was similar in 
E10.5 and E13.5 embryos activated at E7.25 to 
E7.5 (fig. S7C), and within individual embryos 
the proportions of eYFP" yolk sac macrophages 
and eYFP" microglia were highly correlated (Fig. 
3C). The partial labeling of Runx1* yolk sac cells 
is inherent to in vivo labeling techniques and 
likely results from the insufficient expression of 
MER-Cre-MER and limited availability of the 
ligand in target cells (26). Thus, our model likely 
underestimates the contribution of Runx1" pre- 
cursors to adult microglia homeostasis, although 
we cannot exclude the potential contribution of 
nonlabeled precursors to this process. Neverthe- 
less, these results strongly suggest that yolk sac 
macrophages and microglia have the same origin 
and that the first wave of microglia is specified 
before the end of E8.0. In adult mice activated at 
E7.25 to E7.5 (n = 10 from 3 litters), 32.11% + 
18.0 of microglia were also eYFP'(Fig. 3D and 


Nex-1/ 
Nex-1~ 


= 


= 


fig. S8), a proportion similar to that of yolk sac 
macrophages and microglia found in E10.5 and 
E13.5 embryos activated at E7.25 to E7.5 (Fig. 
3C and fig. S7). In contrast, less than 3% of blood 
circulating and tissue macrophages—including 
dermal and lung macrophages, as well as 
circulating T cells, B cells, and granulocytes— 
were eYFP” in these mice (Fig. 3E and figs. S8 
and $9). We also examined the earliest stage at 
which Runx1* progenitors contributed to the 
adult microglial pool. In adult mice activated at 
E6.5 to E7.0, less than 3.77% + 3.54 microglia 
were eYFP”, whereas 29.6% + 10 microglia were 
eYFP” in adult mice activated at E7.0 to E7.25 
(Fig. 3E). In contrast 0.19% + 0.26 and 0.09% + 
0.05 circulating leukocytes were eYFP" in adult 
mice activated at E6.5 to E7.0 and E7.0 to E7.25, 
respectively (fig. S9). These results establish that 
primitive myeloid progenitors that arise before 
E7.5 contribute significantly to adult microglial 
homeostasis in the healthy brain but have limited 
potential to give rise to adult blood leukocytes. 
To determine at which stage Runx1” precur- 
sors or their progeny seed the brain during devel- 
opment, we injected RunxI”:Rosa26'?OR 7 
pregnant females with a single dose of 4'OHT at 
E7.25 to E7.5 and traced the apparition of labeled 
cells into the brain rudiment at different time 
points after injection. A large number of Lac-Z* 
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cells populated the yolk sac of E8.5 embryos, 
whereas no labeled cells were detectable in the 
brain rudiment at this time point (Fig. 4A and fig. 
S10A). Brain-infiltrating cells appeared only 
when blood circulation developed, and a signif- 
icant proportion of Lac-Z* cells appeared as- 
sociated with blood vessels and infiltrated the 
brain rudiment in E9.5 conceptus (Fig. 4B and 
fig. S10B). These results are consistent with prior 
findings showing that CSF-1R" cells first accu- 
mulate in the yolk sac around E8.0 and infiltrate 
the embryo proper when blood vessels develop 
around E9.0 (27). To address whether the 
development of functional blood vessels was 
required for the recruitment of myeloid precur- 
sors into the brain rudiment, we used Nex-J-~ 
animals that lack a heartbeat and functional blood 
circulation because of a defect in sodium calcium 
exchanger | (28). We found that E9.5 to E10.5 
Nex-1~” embryos have yolk sac macrophages 
levels comparable or higher than control litter- 
mates (Fig. 4, C and E). In contrast, Nex-I~ 
embryos have no detectable microglia in the 
brain, whereas Nex-/*”* control littermates already 
have a substantial number of microglia in the brain 
at this time-point (Fig. 4, D and E). Altogether, 
these results suggest that Runx1* progenitors mi- 
grate from the yolk sac into the brain through blood 
vessels between E8.5 and E9.5. 

To examine the contribution of definitive hem- 
atopoiesis to microglial homeostasis, we injected 
4'OHT at E8.5, E9.5, and E10.5. The proportion 
of eYFP* leukocytes known to derive from de- 
finitive hematopoiesis was much higher in mice 
activated at E8.5 and E9.5 compared with mice 
activated at E7.25 to E7.5 (up to 40% versus less 
than 3%, n = 10) (Fig. 3E and fig. S9). In con- 
trast, few eYFP* microglia were detected in the 
brains of adult mice activated after E8.5 and 
onward (Fig. 3E). The sharp descending contri- 
bution levels between E7.5 and E8.5 argue 
against the contribution of post-E7.5 Runx1* 
anatomic locations to the labeling of the adult 
microglia lineage. Altogether, these data suggest 
minimal, if any, contribution of definitive hem- 
atopoiesis to the development of adult microglia. 

Our results provide evidence that primitive 
myeloid precursors give rise to microglia residing 
in the adult CNS in the steady state. Primitive 
macrophages differentiate in the yolk sac of mam- 
mals, birds, and zebrafish before the onset of 
blood circulation (/4). Studies in zebrafish re- 
vealed that yolk sac—derived macrophages spread 
in the cephalic mesenchyme before invading the 
brain through the pial surfaces and the fourth 
ventricle (29-3/), findings consistent with the 
observation that microglia in humans are formed 
in the pia mater (32). The conservation of prim- 
itive macrophages throughout evolution implies 
that they serve an important role in the early 
embryo (/4), most likely related to the clearance 
of apoptotic bodies and the normal remodeling of 
brain tissues. In contrast to most adult tissue 
macrophages, microglia are maintained through- 
out life independently of any blood input and can 


resist high-dose y-ray irradiation. Whether these 
primitive macrophages are uniquely suited to 
reducing the risk of inflammation-induced inju- 
ries and maintaining the CNS integrity through- 
out adult life will be important to determine. 

The results of this study should help unravel 
the regulatory program that controls microglia 
differentiation and function in vivo and identify 
new means to manipulate microglia for the treat- 
ment of neural diseases. 
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Functional Compartmentalization and 
Viewpoint Generalization Within the 
Macaque Face-Processing System 


Winrich A. Freiwald?* and Doris Y. Tsao?*t 


Primates can recognize faces across a range of viewing conditions. Representations of 

individual identity should thus exist that are invariant to accidental image transformations like 
view direction. We targeted the recently discovered face-processing network of the macaque 
monkey that consists of six interconnected face-selective regions and recorded from the two 
middle patches (ML, middle lateral, and MF, middle fundus) and two anterior patches (AL, anterior 
lateral, and AM, anterior medial). We found that the anatomical position of a face patch was 
associated with a unique functional identity: Face patches differed qualitatively in how they 
represented identity across head orientations. Neurons in ML and MF were view-specific; neurons in 
AL were tuned to identity mirror-symetrically across views, thus achieving partial view invariance; 


and neurons in AM, the most anterior face patch, 


rimates can recognize faces accurately de- 
spite a plethora of transformations in size, 
position, makeup, illumination, and, per- 
haps the most drastic in terms of low-level feature 
characteristics, head orientation (/). A biolog- 


achieved almost full view invariance. 


ical substrate for primate face recognition is 
likely provided by face-selective cells (2-8) and 
by face-selective brain regions, which can be 
identified by functional magnetic resonance im- 
aging (fMRI) experiments (9—/2). In macaques, 
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fMRI reveals six discrete face-selective regions, 
consisting of one posterior face patch [posterior 
lateral (PL)], two middle face patches [middle 
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lateral (ML) and middle fundus (MF)], and 
three anterior face patches [anterior fundus (AF), 
anterior lateral (AL), and anterior medial (AM)], 
spanning the entire extent of the temporal lobe 
(12). Why are there multiple face patches? An- 
swering this question requires understanding 
the representation of faces in each patch. The 
six patches form strong, specific connections to 
each other (/3). This suggests that the repre- 
sentations in each distinct patch are not inde- 


pendent but constitute transformations of each 
other. In particular, electrical microstimulation 
in the middle face patches activates both AL 
and AM. Determining how ML, MF, AL, and 
AM represent faces was the goal of the current 
study. 

We first used {MRI to localize face patches in 
two monkeys (M1 and M2). Both animals ex- 
hibited the typical arrangement of six face 
patches along the temporal lobe (Fig. 1A and 
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Fig. 1. Face selectivity in different parts of the macaque temporal lobe. (A) 
Inflated macaque left hemisphere (dark gray areas mark sulci, light gray—dark 
gray boundaries mark the middle of the bank within a sulcus) showing six 
regions in the temporal lobe of monkey M1 that responded significantly more to 
faces than to objects in fMRI experiments. Color scale indicates negative com- 
mon logarithm of the P value. (B) Coronal (left) and sagittal (right) anatomical 
fMRI images showing the electrode descending into MF (located 3 mm anterior 
to the interaural line, AP (anterior-posterior) + 3 mm), AL (at AP + 12 mm), and 
AM (at AP + 19 mm), respectively, in monkey M1. Coregistered face-selective 
functional activation is overlaid on the fMRI images. (C to E) Face selectivity of 
neural population responses in ML/MF, AL, and AM, respectively. Shown are 
distributions of face selectivity indices (FSIs) (see SOM) for visually responsive 
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cells in ML/MF, AL, and AM; dotted lines indicate FSI of +0.33, corresponding to 
1:2 and 2:1 response ratios to faces versus nonface objects. (F to H) Mean 
response time courses of three typical cells to the 128-image FOB set (top) and 
the 200-image FV set (middle) in ML/MF (F), AL (G), and AM (H), respectively. 
For clarity, responses are shown using a binary color scale. For the FV data, the 
first 25 rows are responses to 25 individuals looking to the left at full profile, 
the next 25 rows are responses to the same 25 individuals looking to the left at 
half profile, and so on; the eight different views of one example individual are 
shown on the right of (F). [Colored traces at the bottom of (F) to (H)]: Mean 
response levels to the 25 individuals at each head orientation, with the color 
corresponding to each view indicated in (F); s and v denote sparseness and 
view-invariant identity correlation coefficients, respectively (see SOM). 
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fig. S1A). We then targeted ML, MF, AL, and 
AM (Fig. 1B, fig. S1B, and table S1) for elec- 
trophysiological recordings. These face areas are 
defined solely by their anatomical locations. We 
found that response properties of cells within a 
given anatomically defined face patch, for exam- 
ple, AL, were highly similar across animals. Due 
to similarity of results across animals, we present 
combined results from the two animals; due to 
similarity of results from ML and MF, we group 
them together as ML/MF. 

To compare the face selectivity of ML/MF, 
AL, and AM, we first recorded neural responses 
to the 128-image set used in the fMRI localizer 
experiments, consisting of 16 pictures each of eight 


Fig. 2. Selectivity of 


object categories (human faces, human bodies, 
fruits and vegetables, gadgets, human hands, scram- 
bled patterns, monkey body parts, and monkey 
whole bodies), which we will refer to as the FOB 
(faces, objects, and bodies) stimulus set. We 
recorded from every cell encountered (table S1), 
and the analyses presented below include all cells 
for which we were able to obtain complete data 
from FOB as well as a second image set described 
below. In ML/MF, most cells responded more 
strongly to faces than to nonface objects: 97% of 
visually responsive cells were face selective (Fig. 
1C and fig. S2A), with 90% selectively enhanced 
by faces (average face response at least twice as 
high as average nonface response) [see support- 


neural populations in 
MUMF, AL, and AM to 
faces varied in view and 
identity. (A to C) Popu- 
lation response matrices 
to the FOB image set 
(left) and to the FV set 
(right), for cells visually 
responsive (top) and non- 
responsive (bottom) in 
MUMF (A), AL (B), and 
AM (C), respectively. Re- 
sponses are sorted from 
top to bottom by the first 
(© or second (A and B) 
principal component of 
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ing online material (SOM)] and 7% selectively 
suppressed by faces. 

Both AL and AM contained large fractions of 
face-selective cells as well (86% in AL, 89% in 
AM) (Fig. 1, D and E). However, the selectivity 
patterns in AL and AM (fig. S2, B and C) dif- 
fered from that in ML/MF: in AL, a much larger 
fraction of cells than in ML/MF was selectively 
suppressed by faces (24% versus 7%) or ap- 
peared unselective (14% versus 3%) (Fig. 1D). 
Similarly, in AM, relatively more cells were se- 
lectively face-suppressed (10%) or appeared non- 
selective (11%) (Fig. 1E). These results are 
puzzling because (i) anatomy suggests that AL 
and AM receive their major inputs from ML/MF 
(73, 14) and (ii) blood flow changes in AM and 
AL are as face selective as those in ML/MF (/2). 
Therefore, one would expect AL and AM to 
inherit or even enhance the strong face selectivity 
of ML/MF. 

Next, we probed cells with a second image set 
consisting of 200 pictures of 25 individuals each 
at eight different head orientations (left full pro- 
file, left half profile, straight, right half profile, 
right full profile, up, down, and back), a stimulus 
set that we will refer to as the FV (face views) set. 
Data obtained using the FV set from each of the 
three patches is presented side by side in Figs. 1, 
2, and 4 to facilitate comparison. We first de- 
scribe results from ML/MF and AL before pro- 
ceeding to AM. Fig. 1F shows the responses of 
three typical cells in ML/MF to both the FOB 
(top) and FV (bottom) image sets. Whereas Cell 
1 responded strongly to the faces in the FOB set, 
Cell 2 responded selectively, but weakly, to faces, 
and Cell 3 was unresponsive. In response to the 
FV set, Cell 1 responded to left profiles, straight, 
and upward views; Cell 2 responded to left full 
profiles, left half profiles, straight, and upward 
views, and more weakly to right half profiles, 
downward views, and the back of the head; and 
Cell 3 responded only to left half and full profiles. 
Fig. 1G shows the responses of three typical cells 
from face patch AL to FOB and FV image sets. 
Whereas Cell 1 responded strongly to the faces in 
the FOB set, Cells 2 and 3 were unresponsive and 
suppressed, respectively. The response properties 
of these three AL cells thus appeared rather sim- 
ilar to the three ML/MF cells of Fig. 1F, when 
tested by FOB stimuli. In response to the FV set, 
Cell 1 was selective for straight, up, and down- 
ward views, Cell 2 for left and right half profiles, 
and Cell 3 for left and right full profiles. Thus, 
selectivity for head orientation of the three AL 
cells differed from that of the three ML/MF cells. 

This difference in head orientation tuning of 
ML/MF and AL cells was typical for the entire 
population of ML/MF and AL cells. Fig. 2, A and 
B show the response profiles of all cells recorded 
in ML/MF and AL, respectively, to both the FOB 
(left) and FV (right) stimuli, with identical cell 
ordering for both plots. In AL (Fig. 2B), two dis- 
tinct face view—selective populations are evident. 
One was excited by straight, up, and downward 
faces, and often suppressed by left and right 
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profiles (Fig. 2B, right plot, top part). When as- 
sessed by the FOB set, most of these cells proved 
face selective (Fig. 2B, left plot, top part). A sec- 
ond population responded preferentially to left and 
right profiles (Fig. 2B, right plot, bottom part). 
When assessed by the FOB set, which contained 
only frontal faces, many of these cells appeared 
not face selective (Fig. 2B, left plot, bottom part). 
Of these profile-selective cells, 20% were sup- 
pressed by frontal faces. In contrast to AL, in 
ML/MF profile-selective cells responded to only 
one profile view, and only 11% were suppressed 
by frontal-view faces. Thus, the lower incidence of 
face-enhanced cells in AL compared with ML/MF 
(Fig. 1, C and D, and fig. S2, A and B) can be 
explained by the specifics of head-orientation 
tuning in AL. Corroborating this conclusion, the 
majority of AL cells that appeared visually un- 
responsive to FOB stimuli (Fig. 2B, left plot, bot- 
tom matrix) were also profile selective (Fig. 2B, 
right plot, bottom matrix). 

The transformation of face representation 
from ML/MF to AL yields a novel property in 
AL, not found in ML/MF: mirror symmetry of 
head-orientation selectivity. Not only was the de 
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Fig. 3. Tuning of AL cells to a head randomly rotated in three dimensions. 
(A) Illustration of stimulus head and three axes of rotation. (B) View tuning 
in four typical cells. Cells 1 and 2 here are the same as Cells 1 and 2 in Fig. 
1G. Cell 4 did not respond to any of the FV stimuli. (Top) Tuning to up- 
down angle versus left-right angle (responses averaged across picture- 
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novo appearance of mirror symmetry in AL sur- 
prising, also surprising was the fact that such a 
large fraction of cells exhibited this property: 92 
of 215 AL cells responded at least twice as strong- 
ly to one of the two full profiles as to frontal faces 
(fig. S3). These profile-selective cells responded 
very similarly to both profiles (the response to 
the nonpreferred profile view was, on average, 
92% that of the preferred profile view). We next 
assessed the full tuning of AL cells to all head 
orientations. We probed 57 cells with faces ran- 
domly sampled from a three-dimensional (3D) 
head-orientation manifold, which was param- 
eterized by up-down angle, left-right angle, and 
picture-plane angle (Fig. 3A). The faces were 
rendered using the face modeling software 
FACEGEN and refreshed at 6 Hz. To assess head- 
orientation selectivity, we plotted tuning along 
the three possible pairs of rotation dimensions 
while averaging over the third dimension. Pair- 
wise head-orientation tuning profiles are shown 
in Fig. 3B for four example cells (the first two 
cells are the same as the first two in Fig. 1G). 
Each of the four cells showed tuning along all 
three head-orientation axes, and this tuning was 
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always mirror symmetric. Of 57 cells, 43 (75%) 
in the population tested had view tuning maps 
with two discrete peaks at mirror-symmetric po- 
sitions like example cells 1 to 4. 

A consequence of the emergence of mirror 
symmetry of head-orientation selectivity in AL 
is the development of partial invariance to head 
orientation. This can be seen in a multidimen- 
sional scaling (MDS) analysis of population re- 
sponse vectors (Fig. 4, A and B, and fig. S4). 
Although in ML/MF, each of the eight head ori- 
entations forms a discrete cluster, whose neigh- 
borhood relations reflect physical proximity of 
head orientation, in AL, this topological relation- 
ship is broken and responses to multiple head 
orientations are collapsed into joint clusters (Fig. 
4B and fig. S4): Left and right full profiles are 
grouped into one cluster, left and right half pro- 
files into another, and up, down, and straight into 
a third one. 

A second difference between face representa- 
tions in ML/MF and AL became apparent when 
we analyzed selectivity for facial identity, the 
second dimension of the FV stimulus set. Almost 
half the cells in AL were significantly modulated 
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plane angle). (Middle) Tuning to up-down angle versus picture-plane angle 
(responses averaged across left-right angle). (Bottom) Tuning to picture- 
plane angle versus left-right angle (responses averaged across up-down 
angle). Marginal tuning curves are also shown (vertical lines indicate tuning 
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by facial identity (45%, analysis of variance) (fig. 
S5A)—significantly more than in ML/MF (19%). 
This is reflected in sharper identity tuning in AL 
compared with ML/MF (Fig. 4G and fig. S6). 
Because in AL partial view invariance by virtue 
of mirror-symmetric tuning is established, the 
question arises whether selectivity for facial iden- 
tity generalizes across view directions in AL. We 
measured the similarity (correlation) between 
population responses to all FV images, that is, 
to all combinations of identity—head-orientation 
pairs to construct population response similarity 
matrices (Fig. 4, D and E) and corresponding 


Fig. 4. Population rep- 
resentations of face view 
and identity in MUMF, 
AL, and AM. (A to C) 
Comparison of multidi- 
mensional scaling plots 
of responses to the FV 
image set in MUMF, AL, 
and AM. Each plot shows 
the location of the 25 
faces (indicated by num- 
bers 1 to 25) at eight 
head orientations [indi- 
cated by eight colors, 
key in (D)] within the 
first two dimensions of 
the MDS space (corre- 
sponding Eigenvalues in 
fig. $3). (D to F) Popu- 
lation similarity matrices 
in the three face patches. 
A 200 by 200 matrix 
of correlation coeffici- 
ents was computed be- 
tween responses of all 
visually responsive cells 
to the 200 FV stimuli 
from ML/MF (N = 121 
cells), AL (V = 189 cells), 
and AM (N = 158 cells). 
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significance matrices (fig. S7, A and B). The main 
feature of the ML/MF similarity matrix (Fig. 4D) 
is high-similarity 25 by 25 squares along the main 
diagonal, reflecting a view-specific representa- 
tion; furthermore, there are no visible paradiag- 
onal stripes (vy = x + n x 25), which would 
emerge if population response vectors to specific 
individuals were similar across head orientations. 
The AL similarity matrix (Fig. 4E) is charac- 
terized by a different pattern of high-similarity 
25 by 25 squares reflecting mirror-symmetric 
head-orientation tuning and by paradiagonal 
stripes indicating view-invariant individual selec- 
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(fig. $13). (G) Sharp- 
ness of identity tuning 
in ML/MF, AL, and AM 
(top to bottom). Central 
tendencies of distribu- 
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half-widths (see SOM) 
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ferent from each other 
(P << 0.001, Mann- 
Whitney U tests). (H) 
Distributions of head- 
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orientation tuning depths (see SOM). Tuning depths close to 0 indicate broad 
tuning. These distributions are significantly different from each other (P << 
0.001 for MU/MF versus AL and AL versus AM, Mann-Whitney U tests; P < 
0.002 for MU/MF versus AM and AL versus AM, F test). (I) Evolution of view- 
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cated time point, plotted for AM, AL, and MUMF (solid curves). The dotted 
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tivity. These paradiagonals are not continuous 
but are confined to specific combinations of views 
(e.g., left and right full profiles). Quantification 
of view-invariant identity selectivity in the pop- 
ulations of ML/MF and AL cells is shown in 
fig. S5, B and C. View-invariant identity tuning 
was significantly stronger in AL than in ML/MF 
(fig. SSD). 

AM, like AL, showed a different pattern of 
face selectivity than ML/MF when probed with 
FOB stimuli (Fig. 1E and fig. S2C). Again, the 
FV stimuli revealed the cause. Fig. 1H shows the 
responses of three AM example cells to the FOB 
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curves show the mean view-invariant identity-selectivity index over time 
computed from shuffled similarity matrices. The grayscale traces show the time 
course of the mean response to the FV stimuli across the population in each 
face patch. The substantial delay between the peak of the mean response to 
the FV stimuli and the peak of the view-invariant identity-selectivity index 
suggests that recurrent mechanisms are involved in the computation of view- 
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and FV stimuli. Cell 1 responded strongly to the 
FOB faces and to all nonbackward head orien- 
tations in the FV set. Cells 2 and 3 were unre- 
sponsive to all images in the FOB set, and each 
responded strongly to only two individuals in the 
FV set, across almost all nonbackward views. 
These example cells span the range of responses 
we observed across the population (Fig. 2C). 
From the population response, two new charac- 
teristics of face representations in AM, found 
neither in ML/MF nor in AL, are apparent. First, 
cells in AM were far less sharply and strongly 
tuned to head orientation than those in AL or 
ML/MF (Fig. 4H). This is reflected in the MDS 
analysis (Fig. 4C), which shows that in AM, 
unlike ML/MF and AL, population responses 
were only weakly organized by head orientation. 
Second, AM cells spanned a wide range of iden- 
tity selectivity from complete lack of identity 
tuning to sharp identity tuning; in particular, we 
observed cells like Cells 2 and 3 in Fig. 1H with 
sparse, individual-specific, view-invariant response 
patterns only in AM. The specificity of some AM 
cells was so extreme that they did not respond to 
any of the faces in the FOB set, explaining the 
lower apparent face selectivity of AM compared 
with ML/MF. Even sparser cells may exist in 
AM, cells that do not respond to any of the FOB 
or FV stimuli. 

Overall, an even larger fraction of cells in AM 
than in AL were tuned to facial identity (73% 
versus 45%) (fig. SSA), and tuning to facial 
identity was sharper in AM than in AL (Fig. 4G). 
How does identity selectivity depend on head 
orientation in AM? The population similarity 
matrix for AM (Fig. 4F and fig. S7C), unlike 
those for ML/MF and AL, exhibited only a weak 
dependence on head orientation; rather, its main 
feature was robust paradiagonal stripes across all 
head orientations, except the back of the head. 
For example, the population response to individ- 
ual 7 at left full profile was more similar to the 
response to the same individual at upward head 
orientation than to the response to individual 
12 at left full profile. Quantification of view- 
invariant identity selectivity (figs. S5, B and C) 
shows a further increase in AM, compared with 
ML/MF and with AL; both differences are highly 
significant (fig. SSD). Thus, response similarity 
in AM is abstracted from pixel-wise picture sim- 
ilarity: The population of AM cells approaches a 
view-invariant representation of facial identity. 
It may be surmised that view-invariant identity 
in AM is carried primarily by sparsely firing cells. 
Yet we found that both sparsely and nonsparsely 
responding cells contained view-invariant identi- 
ty information (fig. S8). 

Although we have emphasized feed-forward 
transformations between face patches as the ma- 
jor change in face representation, processing 
within face patches and recurrent processing be- 
tween patches at different levels of the processing 
hierarchy are likely further mechanisms that, over 
time, bring about more elaborate representations 
(15). Indeed, view-invariant face selectivity as 


assessed by the similarity matrices changed sub- 
stantially over the course of time in a manner not 
directly reconcilable with a simple, one-time feed- 
forward mechanism of transformation (Fig. 41). 
Rather, the buildup over time suggests additional 
recurrent mechanisms. Only representations in 
AM and AL, but not ML/MF, profited from the 
passage of time to increase identity selectivity in 
a view-invariant manner (Fig. 41). Thus, what- 
ever mechanism brings about view-invariant iden- 
tity selectivity does not indiscriminately involve 
all face patches but only specific subsets. 
Different schemes for processing facial in- 
formation have been proposed. In particular, it 
has been suggested that after an early encoding 
stage two parallel streams emerge (/6), a dorsal 
one in the superior temporal sulcus (STS) related 
to coding changeable aspects of faces, and a more 
ventral one coding structural aspects of faces 
(17). Applied to the macaque brain, this scheme 
implies a parallel arrangement of AL and AM. 
Alternatively, the three face patches could be 
arranged in a hierarchical manner. Thus, the trans- 
formation that gives rise to an almost fully view- 
invariant representation in AM may originate 
directly from ML/MF (in parallel to the trans- 
formation occurring between ML/MF and AL) or 
mostly from AL (fig. S9A). The increase in in- 
variance to head orientation from ML/MF to AL 
and further to AM (Fig. 4, A to F, and figs. S5 
and S7) suggests a hierarchical arrangement. 
Also, consistent with AM receiving inputs from 
AL, the population similarity matrix for AM showed 
residual traces of mirror symmetry (Fig. 4F). A 
separate experiment in which we tested for 
invariance to spatial position showed a similar 
increase of invariance from ML/MF to AL, and 
further to AM (fig. S10). Independent and more 
direct evidence for parallel or hierarchical ar- 
rangements can be derived from the relative tim- 
ing of neural responses across face patches. First, 
we consider local field potential (LFP) responses 
(fig. S11). In all three patches, the LFP evoked by 
faces was clearly distinct from that evoked by 
nonface objects: The latency of the first peak to 
faces was at least 12 ms shorter than that to 
nonface objects. The latencies of the first face- 
evoked response peaks increased from ML/MF 
(126 ms), to AL (133 ms), and further to AM 
(145 ms). This sequential increase is most easily 
reconciled with a hierarchical arrangement of 
the face patches. Ifa major direct projection from 
ML/MF to AM existed without additional synap- 
tic relays, one would expect that a first activity 
wave would be triggered in AM at approximately 
the same time as that in AL, not at more than 
twice the ML/MF-AL delay. Second, response 
latencies of neurons in the three face patches (fig. 
S12) systematically increased from ML/MF (aver- 
age 88 ms) to AL (104 ms) and further to AM 
(124 ms). Again, this is difficult to explain with- 
out assuming additional steps of synaptic trans- 
mission between ML/MF and AM compared 
with ML/MF and AL, and the most parsimonious 
explanation would be relay through AL. 


The finding that view dependence of identity 
tuning was fundamentally different in the three 
face patches (Fig. 4, A to F) addresses a funda- 
mental problem for computational neuroscience 
(/8): How can increasingly shape-selective but 
otherwise invariant representations be generated? 
Our results suggest that pooling across mirror- 
symmetric views may constitute a crucial step in 
this process. Fig. S9B presents a sequential mod- 
el for establishing a view-invariant representation 
of faces, motivated by the response properties of 
neurons recorded in ML/MF, AL, and AM. At 
the first level (view-specific, I), each neuron re- 
sponds most strongly to a specific individual at a 
specific view. At the next level (partially view- 
invariant, II), each neuron pools together inputs 
representing mirror-symmetric views of the same 
individual (left and right full profiles, green ax- 
ons; left and right half profiles, blue axons), or 
straight, upward, and downward views of the 
same individual (red axons), with lateral inhibi- 
tion between profile- and frontal-selective neu- 
rons, and between neurons representing different 
identities. Finally, in a view-invariant stage (level 
IID), each neuron pools together inputs represent- 
ing all views of the same individual, with lateral 
inhibition to generate sparse responses. The mod- 
el predicts similarity matrices (fig. S9C), which 
resemble the ones found in the three face patches 
(Fig. 4, D to F), capturing their main features of 
view tuning (square structures) and view-invariant 
identity selectivity (paradiagonal stripes). 

The greatest obstacle to object recognition is 
the huge amount of variation that can occur in the 
retinal images cast by a 3D object. Our finding of 
individual-selective responses with a high degree 
of invariance across head orientations in AM was 
obtained with an image set containing faces nev- 
er encountered in real life. Thus, whatever learn- 
ing has occurred before the experiments, it has 
resulted in a face representation that allows gen- 
eralization of selectivity for new faces. The face 
system may already incorporate all a priori know- 
able invariances of a bilaterally symmetric 3D 
object, a face, into a canonical face space (/9-2/), 
such that for an a posteriorly encountered novel 
face, a largely invariant response can be gen- 
erated without necessity for further learning. 
Although experience with an actual individual 
is not a necessary condition for representations in 
AM, such experience may yield an even more 
invariant representation (22-24). 

Four results provide new insights into the 
functional organization of the macaque face- 
patch system. First, all face regions recorded from 
contained a high degree of face-selective neurons 
(lower estimates using only the FOB stimulus 
set: 97% in ML/MF, 86% in AL, and 89% in 
AM). Extrapolating from these findings, it seems 
likely that the entire network of temporal lobe 
face patches constitutes a dedicated brain system 
for the processing of one high-level object-category, 
faces. Second, structure and function are highly 
correlated. A face patch at a particular anatomical 
location harbors a specific face representation 
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that is qualitatively different from the face rep- 
resentation in a face patch at a different location, 
and further differences are likely to exist between 
face representations in the different face patches. 
Thus, attaching a name to a given face patch is 
now shown to be meaningful because it signifies 
functional identity across individuals. Together 
with earlier results (72, 13, 25), this shows that 
the face-processing system is a network com- 
posed of multiple, functionally specialized nodes. 
Third, the system contains one region (AM) that 
provides for population coding of identity across 
view conditions, using a hybrid representation of 
both coarse and sparse elements (26-28). Fourth, 
the finding of an entire face patch, yet only one, 
containing neurons with mirror-symmetric tun- 
ing is worth particular emphasis because it raises 
the possibility that such a representation con- 
stitutes a critical computational step for object rec- 
ognition. Even though inferotemporal cells with 
mirror-symmetric tuning have been reported be- 
fore (29, 30), this is the first time that such cells 
have been shown to be agglomerated within a 
single intermediate node within a form-processing 
network. Why would this step be useful? One 
possibility, following earlier work on view-tuned 
face-selective neurons in the STS (7, 3/—33), is 
that this stage serves to extract socially important 
information from head orientation, because face 
(and gaze) aversion carries similar social mean- 
ing whether for leftward or rightward orientation. 
Alternatively, such a stage may provide compu- 
tational advantages for efficient coding (34). Why 
are the three view stages of the face-processing 
system located in separated regions and not next 
to each other? One possibility is that the face- 
processing system interdigitates with representa- 
tions for other objects implementing the same 


three view stages. The pattern of viewpoint gen- 
eralization revealed here for faces may thus turn 
out to be a general organization principle of the 
entire inferotemporal cortex. 
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HIGH THROUGHPUT SCREENING 


Designed to enable large scale, high throughput, high content screening, the 
HTFC Screening System takes a revolutionary approach to cell-based screening 
by integrating HyperCyt technology and flow cytometry—the most sensitive 
technology for measuring fluorescent markers on cells in suspension—with 
HyperCytPRO, an advanced serverbased informatics platform. The result is a 
powerful yet simple screening system that enables researchers to cost effectively 
perform broader experiments with more controls and replicates, screen more 
compounds, and analyze data in ways never before possible with conventional 
flow cytometry. Using the HTFC Screening System, researchers can analyze 
multiparameter cell populations or multiplexed bead suspensions in 96- and 384- 
well microplates at rates up to 40 wells per minute, capturing data on thousands 
of cells per second. The heightened sensitivity and multicolor capabilities of the 
flow cytometer detection system also enable additional applications, including 


For info: 505-345-9075 
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BENCHTOP FLOW CYTOMETERS 

The new guava easyCyte family of compact, single-sampler sys- 
tems allows scientists to move their research from the core lab into 
their own lab. The easyCyte instruments offer up to eight-parameter 
detection in a single-sampler format. Four guava easyCyte single- 
sampler models are available: two single-laser units capable of de- 
tecting five to six parameters and two dual-laser systems that can 
detect six to eight parameters. Dual lasers allow researchers greater 
flexibility in choosing different fluorescent dyes with well-separated 
emission spectra. The new instruments utilize patented microcapil- 
lary technology that reduces the number of cells needed for analysis 
and reduces the amount of waste generated—from liters per day 
with traditional approaches to less than 50 mL per day. Elimination 
of complicated fluidics gives guava instruments a small footprint and 
dramatically decreases user maintenance. EasyCyte flow cytome- 
ters feature InCyte software, which allows researchers to view, com- 
pare, and analyze up to six data sets simultaneously, enabling faster 
analysis of multiple cell populations or multicellular events. 

EMD Millipore 

For info: 800-645-5476 | www.millipore.com/easy 


FLOW CYTOMETRY TUBES 

Sarstedt introduces a 5 ml round base tube specifically designed 
for flow cytometry use. The tube features a modified 12x75 mm 
configuration for proper fit on most new flow cytometers and is 
manufactured from optically clear polystyrene. Tubes are packaged 
in convenient StackPacks for easy handling. Free samples are avail- 
able upon request. 
Sarstedt, Inc. 

For info: 800-257-5101 | www.sarstedt.com 

CELL SORTER 

The new Influx Cell Sorting System can be configured with up to 
seven lasers to support two-way, fourway, and six-way sorting, giv- 
ing researchers the flexibility to meet specific application or envi- 
ronmental requirements. The system’s modular architecture along 


antibody screening, cytotoxicity studies, and biomarker analysis. 


with exchangeable detector options, hands-on controls, and sort- 
ing options make it adaptable to a wide variety of site and appli- 
cation needs. The Influx System uses parallel electronics to reach 
a throughput rate of 200,000 events per second, independent of 
the number of lasers or parameters. Its fluidics design features a 
special acoustical coupling in the nozzle assembly to reliably create 
droplets for sorting, while ensuring low shear stress to optimize cell 
viability, even at high pressures. FACS Accudrop technology simpli- 
fies setup and eliminates manual calculations normally required for 
drop-delay determination. To support aseptic sorting, the system's 
disposable fluidics allows researchers to replace a sample line or the 
complete fluidics path from sheath tank to nozzle tip. In addition, 
the Influx software provides comprehensive control of the cell sorter 
from configuration and compensation setup to acquisition, sorting, 
and analysis. Software wizards and controls can assist researchers 
to classify cell populations, perform compensation, monitor sorting, 
and analyze results. 

BD Biosciences 

For info: 877-232-8995 | www.bdbiosciences.com/instruments 


ANALYSIS SOFTWARE 

The new flow cytometry analysis software, Kaluza 1.1, processes 
multicolor files of up to 10 million events in real time and offers an 
analytical speed that is dramatically faster than other commercially 
available software. With the cutting edge NVIDIA Tesla Supercom- 
puter option, Kaluza 1.1 sets a new standard for flow cytometry data 
processing speed. The software supports data analysis from a vari- 
ety of platforms, including MoFlo Series sorters, CyAn ADP and Gal- 
lios flow cytometry analyzers, and systems such as the iCys and the 
iCyte automated imaging cytometers. This version of Kaluza is the 
first software in the industry to be offered in a variety of translations. 
Kaluza Flow Cytometry Analysis Software version 1.1 is for research 
use only and is compatible with Windows XP Windows Vista, and 
Windows 7 (32- and 64-bit) operating systems. 

Beckman Coulter 


For info: 800-526-3821 | www.kaluzasoftware.com 
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POSITIONS OPEN 


SENIOR FACULTY POSITION IN BIOLOGY 


The Department of Biology at Virginia Common- 
wealth University invites applications for a senior-level, 
tenure-eligible faculty position. We seek an established 
scientist to complement and interact with faculty in 
at least one of our recognized areas of excellence: Cell 
Regulation, Evolution, and Ecological Processes and 
Applications. Applicants must have a Ph.D. in biology 
or closely related discipline and should have a nation- 
ally recognized research program with an established 
record of publication and external funding. Antici- 
pated start date is August 16, 2011, pending funding. 
The successful applicant will be expected to maintain 
a productive, externally funded research program and 
direct graduate students through the Ph.D. level. 
Primary teaching responsibilities will include related 
undergraduate and graduate courses. Postdoctoral ex- 
perience is expected and demonstrated evidence of ex- 
cellence in teaching is required. Candidates must have 
demonstrated experience working in and fostering a 
diverse faculty, staff, and student environment or com- 
mitment to do so as a faculty member at VCU. Com- 
petitive startup funds and excellent core facilities are 
available. 

Virginia Commonwealth University has an enroll- 
ment of 32,000 students, including over 1,600 under- 
graduate and nearly 100 ‘graduate students in Biology. 
The Department of Biology (website: http://www. 
has.vcu.edu/bio) has 32 faculty members with diverse 
research interests. Collaborative opportunities are also 
available with departments in VCU Life Sciences 
(website: http: //www.vcu.edu/lifesci) and on the 
medical campus of VCU. Additional research oppor- 
tunities are available through the Center for Environ- 
mental Studies (website: http://www.vcu.edu/ 
cesweb) and at the Rice Center, VCU’s nearby field 
station on the James River (website: http://www. 
veu.edu/rice). 

Submit vitae, statements of research and teaching 
interests, and three letters of reference by December 1, 
2010 to: Stephanie Millican, Department of Biolo- 
gy, Virginia Commonwealth University, Richmond, 
VA 23984. 2012. 

Virginia Commonwealth University is an Equal Opportunity/ 
Affirmative Action Employer. Women, minorities and persons 
with disabilities are encouraged to apply. 


EVOLUTIONARY BIOLOGIST 
Department of Biology 
West Chester University 


Tenure-track ASSISTANT PROFESSOR posi- 
tion available August 2011. Earned Doctorate in Evo- 
lutionary Biology or related discipline; research focused 
on some aspect of evolution such as molecular evolu- 
tion, evolution and development or evolutionary ecol- 
ogy. Successful applicant must be qualified to teach 
Organic Evolution, Human Anatomy and Physiolo- 
gy, and special topics courses or graduate courses as 
needed. Candidate is expected to establish an active, 
externally funded research program involving grad- 
uate and/or undergraduate students. Finalists must 
successfully complete interview process and teaching 
demonstration. Mail one hard-copy of all official uni- 
versity transcripts, statements of teaching and research 
philosophies, curriculum vitae, and three letters of rec- 
ommendation to: Dr. John T. Beneski, Department 
of Biology, West Chester University, West Chester 
PA 19383 (no e-mail applications). Review of com- 
pleted applications begins on January 4, 2011, and 
continues until position is filled. For more details and 
full ad visit website: http: //www.wcupa.edu/scripts/ 
vacancies/v-list.asp, call telephone: 610-436-2316, 
or e-mail: jbeneski@wcupa.edu. The filling of this 
position is contingent upon available funding. All 
offers of employment are subject to and contingent 
upon satisfactory completion of all pre-employment 
background and consumer reporting checks. Affirma- 
tive Action/Equal Opportunity Employer. Women and minor- 
ities are strongly encouraged to apply. 


POSITIONS OPEN 


Coriell Uniacesity 


ASSISTANT PROFESSOR 


The Department of Microbiology and Immunology 
at Cornell University in Ithaca, NY (website: http:// 
www.vet.cornell.edu/microbiology/) seeks appli- 
cants for a tenure-track position at the level of As- 
sistant Professor. 

Applicants should have a Ph.D., D.V.M., M.D., 
or equivalent degree with postdoctoral training. We 
are interested in individuals whose primary focus is 
the interface between pathogen and host and show 
exceptional promise for a career in academic science. 
Areas of research interest include innate and adaptive 
immune responses to infectious agents, as well as the 
mechanisms by which viruses, bacteria, or parasites 
combat immune defense. 

The successful candidate will be expected to es- 
tablish an innovative, extramurally funded research 
program and contribute to teaching at the graduate 
student and pre-clinical professional levels within the 
College of Veterinary Medicine. The new faculty mem- 
ber will join a collaborative, interdisciplinary Life 
Sciences community on the main campus of Cornell 
University in Ithaca, with additional potential for 
interactions with Weill Cornell Medical College fac- 
ulty in New York City. 

Salary will be commensurate with academic creden- 
tials and experience. 

Interested candidates should submit applications 
electronically as a single PDF file (titled last name, first 
name) to e-mail: sf35@cornell.edu. The file should 
include curriculum vitae, contact information for three 
references, a statement of future research interests, 
and cover letter addressed to Dr. Ted Clark, Faculty 
Search Committee Chair, Department of Microbiol- 
ogy and Immunology. 

Cornell University seeks to meet the needs of dual 
career couples through its Dual Career Program and 
is a member of the Upstate New York Higher Edu- 
cation Recruitment Consortium to assist with dual 
career searches (website: http://www.unyherc.org/ 
home/index.cfm?site_id=671). 

Cornell University is an Affirmative Action/Equal Opportu- 
nity Employer and Educator. Cornell University embraces diver- 
sity and seeks candidates who will create a climate that attracts 
students of all races, nationalities, and genders. Women, under- 
represented minorities, and people with disabilities are strongly 
encouraged to apply. 


LECTURER IN BIOLOGICAL SCIENCES 
The University of Chicago Biological Sciences 
Collegiate Division 


The Biological Sciences Collegiate Division at the 
University of Chicago invites applications for a non- 
tenure-track three-quarter Lectureship in molecular/ 
developmental biology beginning in the winter of 
2011. The Lecturer is expected to co-direct the fall 
and winter laboratory courses for Biology majors and 
develop a new module for Core Biology for non- 
majors in the spring quarter. Applicants must have 
received a Ph.D. in Biology or related subspecialties, 
have at least three years of postdoctoral research ex- 
perience and must document interest and proficiency 
in undergraduate teaching. The appointment will be 
for three years and is renewable. To apply visit website: 
https: //academiccareers.uchicago.edu, select req- 
uisition #00608, and upload your cover letter, cur- 
riculum vitae, teaching statement, research statement, 
and provide contact information for your three refer- 
ence providers. Your application and supporting mate- 
rials must be uploaded by December 13, 2010. 

The University of Chicago is an Affirmative Action/Equal 
Opportunity Employer. 
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Professor of Neur Imaging 


THE UNIVERSITY 
OF QUEENSLAND 
Sd 


AUSTRALIA 


QBI (www.qbi.uq.edu.au) and the 
newly established CAI (www.uq.edu. 
au/cai) seek a creative, accomplished 
Group Leader with an internationally 
recognized research program in 
neuroimaging. 

Applicants should have an_ established 
reputation and academic leadership in the 
area of neuroimaging with a strong interest 
in the development of image analysis 
methods, neuroimaging in small animal 
models and/or translational applications to 
the human nervous system. 


The appointment will be at Professorial 
level E at the University of Queensland 
and a competitive start-up package will be 
provided. 


QBI’s_ principal research themes target 
brain plasticity and include Cellular 
plasticity, Synaptic plasticity, Cognitive 
and behavioural neuroscience, Visual 
neuroscience, Mental and neurological 
disorders and Imaging and computational 
neuroscience. 


| queensland brain institute centre for advanced imaging 


Queensland Brain Institute (QB)) and the 


Centre for Advanced Imaging (CAl) 


The Institute is housed in a $63 million 
facility on the campus of the University of 
Queensland, fitted with state-of-the-art 
research equipment. The Institute currently 
accommodates some 320 scientists, 
students and support staff. QBI has access 
to a range of worldclass technologies, 
including a 16.4T small animal scanner, 4.6T 
MRI scanner and a 3T human research MRI. 
It also has extensive capabilities in animal 
and human behavioural testing, and has 
developed strong interdisciplinary teams 
in the area of applying nanotechnology to 
neuroscience. 


CAI is a newly created University Centre 
whose overall goal is to create a world-class 
integrated facility for research and training 
in biomedical imaging. This state-of-the-art 
facility will provide an integrated, multidisci- 
plinary and multimodal research framework 
for basic, translational and clinical research 
in biomedical imaging with research ultra 
high-field (7T) human MRI, PET, MRI/PET 
and radiochemistry facilities. 


in Brisbane, Australia \ 


The University of Queensland is the lead 
institution of the National Imaging Facility. 


QBI and CAI are developing a collaborative 
network in the Asia-Pacific region and 
has recently signed affiliation agreements 
with leading neuroscience and imaging 
institutes in the Asia-Pacific region. 


To apply please send a cover letter, a CV, a 
three page statement of research interests, 
and arrange to have 3 letters of recommen- 
dation sent to the Search Committee. 


Applications should be sent either by 
email to h.weir@uq.edu.au or by regular 
mail to Ms Helen Weir, Queensland Brain 
Institute, The University of Queensland, 
St Lucia, QLD 4072, Australia. 


Applications should be received by 
Friday 28 January 2011 to assure full 
consideration. 


Postdoctoral Positions in Synaptic Molecular Mechanisms and Optogenetic Circuit Analysis 


The Center for Functional Connectomics (CFC) is recruiting postdoctoral fellows worldwide to join our dynamic new research group. The CFC is located at 
the Korea Institute of Science and Technology (KIST) and consists of a number of outstanding laboratories focused on the following research areas: 


Molecular mechanisms of synaptic transmission 


George Augustine (georgea@neuro.duke.edu) — exocytosis and endocytosis in presynaptic terminals; gene expression changes during long- 
term synaptic plasticity 
Jinny Kim (kimj@janelia.hhmi.org) — local protein synthesis; ion channel trafficking in dendrites 
Eunmi Hwang (emhwang@kist.re.kr) and Jae-Yong Park (jaeyong@gsnu.ac.kr) — ion channel regulation and trafficking in neurons and 
astrocytes 
Justin Lee (cjl@kist.re.kr) — neuron-glial signaling mechanisms 
Mikyoung Park (mpark3@stanford.edu) — synaptogenesis and synapse elimination during synaptic plasticity 
Keiko Tanaka (keiko@kist.re.kr) — signaling during long-term synaptic plasticity 
Optogenetic analysis of brain circuitry 
George Augustine — high-throughput connectome mapping 
Larry Cohen (lawrence.cohen@yale.edu) - development of optogenetic voltage-sensor proteins; imaging circuit activity in the olfactory 
system 
Homme Hellinga (hwh@biochem.duke.edu) — protein design; optogenetic probe engineering 
Jinny Kim — mapping brain circuitry with GRASP technology 
Justin Lee — optogenetic mapping of neuron-glial signaling pathways 
Sebastien Royer (royers@janelia.hhmi.org) - silicon probes; optogenetic studies of hippocampal place cell circuitry 


In addition, the CFC includes a network of secondary faculty and collaborators who also will serve as excellent postdoctoral mentors; see our website 
http://cfc.wci.re.kr/english/portal.php. 


Beyond exciting research projects and excellent mentors, the CFC offers our postdocs a number of other benefits: 
stimulating and highly interactive scientific environment 
state-of-the-art research facilities 
strong and secure funding though the World Class Institute program, which recruits foreign scientists to enrich the scientific environment of 
Korea 
high pay (NIH scale) 
free housing 
living in Seoul, one of the world’s largest and most exciting cities 


Candidates should have a PhD or MD degree (or should be planning to graduate soon) and should be comfortable speaking English, the primary language 
of the CFC. Applicants should send their curriculum vitae and a list of potential referees via e-mail, either directly to the relevant faculty member or 
to the CFC (cfc@kist.re.kr). 


Genentech Research and Early Development — Neuroscience 


For more than 30 years, Genentech has been at the forefront of the biotechnology industry, 
using human genetic information to develop novel medicines for serious and life-threatening 
diseases. Now a member of the Roche Group, Genentech has multiple therapies on the 
market for cancer and other serious illnesses. 


Genentech’'s Research and Early Development (gRED) department operates as an 
independent center within the Roche Group and is home to the largest single-site biotech 
research facility in the world. gRED explicitly fosters individual creativity and initiative 
among its researchers, encouraging scientists to pursue projects of interest in addition 

to working toward the company’s goals. As a result, our more than 1,100 scientists and 
researchers and 125 postdocs have consistently published important papers in prestigious 
peer-reviewed journals and are among the top researchers in the world in terms of total 
citations. gRED combines the best of the academic and corporate worlds, allowing 
researchers not only to pursue important scientific questions, but also to watch an idea move 
from the laboratory into clinical development. 


We invite candidates for the following opportunities in our 
South San Francisco, CA, headquarters: 


Scientists — Requisition #1000034748 
Senior Research Associates — Requisition #1000034264 
Research Associates — Requisition #1000034394 


Consistently recognized as one of the top companies to work for in the United States, 
Genentech is dedicated to remaining a great place to work and to providing employees 
with programs, services and benefits that allow them to bring the best to the business and 
to their personal lives. For a complete job description and to learn more about our current 
opportunities, please visit careers.gene.com and reference the Requisition #. Use “Ad- 
Science” when a source is requested. Genentech is an equal opportunity employer. 


What does “Life Inspired” mean to you? 


“Diseases of the brain such as Alzheimer’s disease and schizophrenia cause 
immeasurable suffering to countless people throughout the world. Effective treatments 
can only be discovered by excellent innovative science. For me, “Life Inspired” 
represents the dedicated scientists at Genentech who come to work every day eager to 
apply their expertise, creativity and team spirit to making a difference for patients.” 


Morgan Sheng, Ph.D. 
Vice President, Neuroscience 
Two years with Genentech 


Careers.gene.com 


Mara, Patient 


In October 2010, 9 @ cy 
Genentech was named ry 
“top employer in 


the biopharmaceutical 
sai ‘ 4 
industry” by ‘ 
Science 2010 


Science magazine. Top EMPLOYER 


Genentech 


A Member of the Roche Group 


online @sciencecareers.org 
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UNIVERSITY°F 
BIRMINGHAM 


Understanding the brain 


Centre for Computational Neuroscience 
and Cognitive Robotics 


A new Centre for Computational Neuroscience and 
Cognitive Robotics (CN-CR, www.psychology.bham. 
ac.uk/cncr) has been launched, with a multimillion 
pound investment. The Centre combines research 

on human cognition, sensory and motor systems, and 
computational modeling with research on robotic systems 
leading towards a better understanding of both brain 
function and advanced robotics. The research will also 
be translated into innovative treatments for brain injuries 
and those with degenerative or developmental 
neurological disorders. 


Chair in Computational Neuroscience (1 or 2 posts) 
Competitive package for an outstanding candidate. 
(Ref: 38207) 


You should have an international research record and 
be making a cutting-edge contribution to the field. 


Senior Lectureships or Lectureships 

in Computational Neuroscience (2 posts) 

Salary from £45,155 to £68,302 a year or from £36,715 
to £49,342 a year (Ref: 47252) 


You will have a growing reputation in the field, 
a strong publication record and the potential 
to become a world leader. 


Informal enquiries: Professor Glyn Humphreys 

(0121 414 4930; g.w.humphreys@bham.ac.uk), 
Professor Chris Miall, Head of School of Psychology 
(0121 414 2867; r.c.miall@bham.ac.uk) and/or 

Dr Jeremy Wyatt, School of Computer Science 

(0121 414 4788; j.l.wyatt@bham.ac.uk) 


To download the details and submit an electronic 
application online visit: www.hr.bham.ac.uk/jobs 


Closing date for all posts: 10 December 2010 


€9Tufts 


UNIVERSITY 


School of Medicine 


Faculty Positions in Neuroscience 


The Department of Neuroscience (www.neurosci.tufts.edu) at Tufts 
University School of Medicine is expanding by adding tenure-track 
faculty positions. Positions are available at Assistant, Associate and 
Full Professor levels. The department will build on its core strengths 
and focus on the study of synapses, disorders of the nervous system and 
neuron-glial interactions. We are particularly interested in building on 
our research that is relevant to epilepsy, depression, neurodegenerative 
disorders and the neurobiology of obesity. We are seeking candidates 
who use innovative approaches to investigate problems that cross levels 
of investigation from molecular and cellular to systems and/or behavioral 
neuroscience. Candidates using molecular, genetic, electrophysiological 
and/or imaging methodologies to study neurons, synapses and networks 
are particularly encouraged to apply. We offer generous startup packages, 
newly renovated laboratory space and a highly collaborative environ- 
ment offering opportunities for both basic and translational research. 


Applicants should hold a Ph.D. and/or M.D. degree and have several 
years of productive postdoctoral experience. Successful candidates will 
be expected to develop thriving, well-funded research programs and to 
contribute to graduate and medical education. Please submit electronic 
applications including a CV, a statement of research interests and the 
names and e-mail addresses of at least three references to: neurosci- 
facultyrecruitment@tufts.edu. 


TUSM is an Equal Opportunity Affirmative Action Employer. 
Women and minorities are encouraged to apply. 


at Moy, 
sys: 
i 2 & 
www.hr.bham.ac.uk/jobs BANG 
COMMITTED TO EQUALITY AND DIVERSITY. Sionewall 
VALUING EXCELLENCE; SUSTAINING INVESTMENT. DAA ITT Ee ae 


IMP 


Research Institute of Molecular Pathology 


PhD and Postdoctoral Positions 
Neural Circuits and Behavior 


The Research Institute of Molecular Pathology (IMP) has recently expanded its neuroscience research 
community to establish a strong interdisciplinary focus on the functional analysis of neural circuits 
underlying innate and learned behaviors in genetic model organisms. Positions for PhD students and 
postdoctoral researchers are now available in the following groups: 


Barry Dickson - Mating and other behaviors in Drosophila 
Wulf Haubensak - Fear circuits in mice 

David Keays - Molecular and cellular basis of magnetoreception 
Krystyna Keleman - Courtship learning in Drosophila 

Simon Rumpel - Auditory processing and memory in mice 
Andrew Straw - Visual guidance of Drosophila 

Alipasha Vaziri - Advanced optogenetic technologies 

Manuel Zimmer - Olfactory behaviors in C. elegans 


The IMP is a privately sponsored basic research institute located near the center of Vienna, one of the world’s 
most cosmopolitan, attractive, and affordable cities. The neuroscience community is complemented by 
other research groups in computational biology, molecular and cell biology, immunology and oncology, 
and is supported by outstanding core services. Students and postdocs from more than 40 different 
nationalities work at the IMP. English is the working language throughout the institute. 


For further details on the research activities and open positions in each group, contact the respective group 
leader. Applicants should be passionately committed to understanding brain functions and have a strong 
background in any relevant field, including neuroscience, molecular and cell biology, genetics, computer 
science, physics, engineering, and/or mathematics. PhD students will take part in the VBC international 
PhD program, which has its next deadlines for applications on November 15, 2010 and April 30, 2011. 
See: www.imp.ac.at/neuroscience for more information. 


PFIZER POSTDOCTORAL PROGRAM IN NEUROSCIENCE 


The Pfizer Neuroscience Research Unit announces the creation of the Pfizer Neuroscience Postdoctoral Fellowship Program. 


Based in Groton, Connecticut, the Pfizer Neuroscience Fellowship Program provides an unparalleled opportunity for young 
scientists interested in understanding brain disorders and translating knowledge into innovative medicines. We seek motivated 
and enthusiastic individuals with a demonstrated track record in basic or translational neuroscience interested in pursuing 
an academic-style post-doc in an industry setting. Successful candidates will come from a range of backgrounds including 
molecular/cellular biology, protein biochemistry, in vitro and in vivo electrophysiology, imaging, neurochemistry, systems 


neuroscience, computational biology, animal models of disease, synapse biology and behavioral/cognitive neuroscience. 


Postdoctoral positions are available in the following disease areas: 


Alzheimer’s disease = Autism Bipolar Disorder = Parkinson’s disease = Schizophrenia 


Postdoctoral fellows will gain access to the resources, experience and collaborative industrial-academic network available 
within the Neuroscience Research Unit, conduct independent research, publish high profile papers on cutting edge areas of 
neuroscience, and attend and present at international scientific meetings. At the same time, postdoctoral fellows will contribute 


to Pfizer’s commitment to deliver new innovative medicines that effectively treat neurological and psychiatric diseases. 


Interested candidates can explore and apply for these competitive positions at 


www.PfizerNeuroscience.com. 


Applications are received and reviewed in the spring and fall. The deadline for spring applications is April 1st and for fall 
applications is October 1st. Fellowships are extremely competitive. We anticipate inviting a small number of candidates to 


interview in May and November at the Pfizer Groton Research Laboratories. 


We are proud to be an equal opportunity employer and welcome applications from people with different experiences, backgrounds and ethnic origins. 


Working together for a healthier world™ 


online @sciencecareers.org 


Science Careers 
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Professors of Neuroscience - Imaging 


Texas Tech University and the Texas Tech University Health Sciences Center have collaborated to expand 
research in neuroscience with an emphasis on multidisciplinary research. Two full professor positions 
are available and will be based at Texas Tech University and involve joint appointments with the Texas 
Tech University Health Sciences Center. A new 4,000 sf core facility with a Siemens 3-T MRI with 
functional and diffusion tensor capabilities and 4,000 sf of support offices and laboratories is available. 
The footprint includes space for 2 additional fully capable MRIs in the core facility. Candidates will be 
in any Biological Science or Engineering department including but not limited to Electrical Engineer- 
ing, Biological Sciences, Psychology, and Human Development and Family Studies. Support from other 
core facilities is available in biotechnology, genomics and high performance computing. Both of these 
positions are intended to add critical mass to our new Neuroimaging Institute and successful applicants 
will be expected to work with current faculty to grow this institute. A separate search will be initiated 
to find a director for this institute. We are particularly interested in building on our strengths in neural 
and behavioral biology including but not limited to drug and alcohol addiction, autism, aging, and brain 
development. Other research areas of functional imaging outside of neuroscience may be considered. 


Applicants will be expected to have significant competitive grant funding and a clear record of scholar- 
ship, research productivity, mentoring, team building, outreach, and teaching. Multidisciplinary research 
across academic departments is encouraged. Graduate advising and teaching is expected in areas of 
interest to the faculty. Service to the institutions and the profession are important aspects of a successful 
applicant. Level of academic appointment is open to all ranks, but preference will be given to individuals 
who qualify for full professor or already are at that rank. 


Screening will begin upon the receipt of applications and will continue until both positions are filled. 
Applicants must submit a letter of interest expressing their vision for research contributions and graduate 
education goals, a complete resume/CV, the names of five references who may be contacted to provide 
a professional assessment of research and graduate education capabilities, and start-up requirements. 
These should be submitted electronically to http://jobs.texastech.edu; search postings for requisition 
82516. Questions about the Neuroscience-Imaging positions should be directed to: Taylor Eighmy, 
Ph.D., Vice President for Research, Texas Tech University, Box 41075, Lubbock, Texas 79409-1075; 


Um ERE SET YY Oe 
EDICAL DENTER 


” FACULTY POSITION 
NEUROSCIENCE 


The Center for Neural Development and 
Disease at the University of Rochester School 
of Medicine and Dentistry invites applications 
for a tenure-track faculty position at the Assistant, 
Associate, or Full Professor level. Candidates 
studying nervous system development and 
function using genetic approaches in vertebrate 
or invertebrate model systems are particularly 
encouraged to apply. Though not a prerequisite, 
a record of success in obtaining extramural 
research support is an asset. 


The Center for Neural Development and Disease 
is a dynamic, interdepartmental group of inves- 
tigators whose research spans a broad area of 
molecular and cellular neuroscience. Members 
of the Center hold faculty appointments in a 
variety of basic science and clinical departments, 
including Neurology and Biomedical Genetics, 
allowing multiple opportunities for interaction 
and collaboration. 


Interested candidates should submit a cover 
letter, CV, and statement of research interests 
to enddsearch@urmc.rochester.edu. Please 
also arrange for three letters of reference to be 
sent to this address. Review of applications will 
begin immediately. 


The University of Rochester is an Equal 
Opportunity Employer, has a strong commit- 


taylor.eighmy@ttu.edu; 806.742.3905. 


An Affirmative Action/Equal Opportunity/Americans with Disabilities Employer. 


ment to diversity and actively encourages 
applications from candidates from groups 
underrepresented in higher education. 


UNIVERSITY 


OXFORD OH1!10 


PHYSIOLOGY/NEUROSCIENCE 


Miami University is seeking to fill a tenure-track assistant professor 
position in an area that will complement research activities of the faculty. 
The successful applicant will be expected to maintain an active research 
program, acquire extramural funding, supervise student research, and 
participate in teaching graduate and undergraduate courses. In addition, 
s/he will participate in the new interdepartmental Cellular, Molecular, 
and Structural Biology PhD program as well as interdisciplinary minors 
in neuroscience and/or molecular biology. The University has state- 
of-the-art facilities for using molecular, cellular and whole organism 
techniques and offers competitive start-up funds. The Department has 
32 faculty, over 60 PhD/MS students, and approximately 1,000 majors 
(http://zoology.muohio.edu/). Miami University (enrollment 24,000) 
is rated nationally as a highly selective public university. 


Send letter of application, curriculum vitae, statements of teaching 
and research interests, and three letters of recommendation to: Dr. 
Paul James, Search Committee Chair, Department of Zoology, 
212 Pearson Hall, Miami University, Oxford, OH 45056. Review 
of applications will begin on 7 December 2010 and continue until the 
position is filled. PhD required. Telephone 513-529-3100 or e-mail 
biosearch@muohio.edu for more information. For information regard- 
ing campus crime and safety, visit www.muohio.edu/righttoknow. 
Hard copy upon request. 


Miami University is an EOE/AA Employer 
with smoke-free campuses. 


Call for Nominations 


8th Annual Edward M. Scolnick Prize in Neuroscience 
The Edward M. Scolnick Prize in Neuroscience recognizes an 
outstanding discovery or significant advance in the field 
of neuroscience. The Prize consists of US $60,000. 
The recipient presents a public lecture at MIT, 
hosted by the McGovern Institute. 


Nominating Procedures: Self-nomination is not allowed. Candidates for the 
award are to be nominated by individuals affiliated with universities, hospitals, 
medical schools, and research institutes with a background in neuroscience. 
Each nomination should include a) a biosketch or CV of the nominee, and 
b) a letter of nomination (which includes a summary and analysis of the 
major contributions of the nominee to the field of neuroscience). Up to two 
representative reprints will be accepted. The winner must be able to attend 
all events to be awarded the prize. 


Deadline: The nomination and supporting documentation must be received 
no later than November 30, 2010. Members of the selection committee and 
faculty affiliated with MIT are not eligible. Announcement of the award 
recipient will be made in February 2011. 


Previous Winners: 2010: Drs. Lily and Yuh-Nung Jan, University of Cali- 
fornia, San Francisco; 2009: Dr. Jeremy Nathans, Johns Hopkins University; 
2008: Dr. Michael Davis, Emory University School of Medicine, Atlanta; 
2007: Dr. David Julius, University of California, San Francisco; 2006: Dr. 
Michael E. Greenberg, Children’s Hospital/Harvard Medical School; 2005: 
Dr. Judith L. Rapoport, National Institute of Mental Health/NIH; 2004: Dr. 
Masakazu Konishi, California Institute of Technology 


The McGovern Institute for Brain Research at MIT conducts integrated 
research in neuroscience, molecular neurobiology, cognitive science, com- 
putation, and related areas. 
Nominations 
Please send nomination and supporting documents to: 
Committee Chair, Edward M. Scolnick Prize in Neuroscience 
McGovern Institute, MIT, 46-3160 
77 Massachusetts Avenue 
Cambridge, MA 02139 
E-mail: mcgovern@mit.edu 


For more information: http://mcgovern.mit.edu 


POSITIONS OPEN 


Y METABOLON 


Metabolon is a diagnostics and services 
company offering the industry’s leading 
biochemical profiling platform. We currently 
work with over 200 clients in the areas of 
pharmaceutical and biotechnology, nutrition, 
agriculture, bioprocessing and academic 
research. As part of Metabolon’s expand- 
ing diagnostic and clinical testing business, 
Metabolon seeks an outstanding individual 
for the position of Senior Biostatistician. 
This person will be responsible for the 
identification of biomarkers from diagnostic 
metabolomic research studies, development 
of various statistical models and methods 
for analysis of metabolomic’s data, and the 
development of any multivariate algorithms 
required for clinical tests. The ideal candi- 
date will have experience with multivariate 
statistical modeling (genomics, proteomics 
or metabolomics data) and a proven track 
record of success as demonstrated from sci- 
entific peer-reviewed publications. The person 
selected for this position will work collab- 
oratively with internal and external scientists 
on projects that lead to journal publications, 
presentations, and internal project progression 
reports. Ph.D. required. Interested applicants 
should send a letter of interest and CV to 
careers@metabolon.com. 


Metabolon, Inc. is an Equal Opportunity 
Employer. 


http://www.metabolon.com 
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Educating Ph.D. — Sanford-Burnham is a unique research environment 
that enjoys a culture of Collaboration, a focus on new 
technologies and an emphasis on translating our basic 
the innovative _ esearch discoveries to improve human health. 


Sanford Burnham 


Graduate School of Biomedical Sciences 


students to become 


biomedical scientists 


of the future. 


http://www.sanfordburnham.org/gradschool.aspx 


Sanford-Burnham Medical Research Institute is located on the Torrey Pines Mesa on the San Diego coast. 


POSITIONS OPEN 


Renal/Cardiac Research 
Faculty Positions 


Two ASSISTANT/ASSOCIATE PROFES- 
SOR level positions are open in the Hyperten- 
sion and Vascular Research Division of Henry 
Ford Hospital to complement strengths in 
renal/cardiac cell and molecular biology and 
integrative physiology. Appointments will 
be in the Department of Internal Medicine at 
Henry Ford Hospital, Detroit, MI an affiliate 
of the Wayne State University School of Med- 
icine with secondary appointments in basic 
science departments in the School of Medi- 
cine possible. The division’s 8 basic scientists 
bring in more than $6 million in grant sup- 
port annually (http://www.henryford.com/ 
hypertensionresearch). Successful appli- 
cants will develop and maintain robust, 
NIH-funded research programs. Minimum 
requirements are a Ph.D. or M.D., 3 years of 
postdoctoral experience, and a strong publica- 
tion record. Salaries will be commensurate 
with experience. Positions come with gener- 
ous startup packages and benefits. 


To apply submit: a current CV; contact 
information for 4 references; and a 1-page 
description of research interests via e- 
mail in PDF format to: Emmett Bowen at 
ebowenI@hfhs.org. Positions will remain 
open until filled. 


Henry Ford Hospital is an 
Equal Opportunity Employer. 


STANFORD 


UNIVERSITY 


Neuroscience Faculty Positions 


The Stanford Institute for Neuro-Innovation and Translational Neurosciences (SINTN) is searching 
for three neuroscientist positions focused on a variety of areas, including the following: 


* Investigation of the neural circuitry, molecular mechanisms and/or cellular physiology underly- 
ing movement disorders, including Parkinson’s disease 

¢ Neuroregeneration 

* Neural mechanisms common to pain, addiction, or their intersection 


The successful candidate(s) will be appointed at either the Assistant or Associate professor level 
in the University Tenure Line (UTL). The predominant criterion for appointment in the University 
Tenure Line is a major commitment to research and teaching. 


Primary and secondary departmental affiliations are flexible and will be tailored for the successful 
candidate(s). 


Please submit a curriculum vitae, statement of research interests and 3 reference letters by December 
15, 2010 to: Gary K. Steinberg, MD, PhD, Bernard and Ronni Lacroute-William Randolph 
Hearst, Professor of Neurosurgery and the Neurosciences, Director, SINTN, Chairman, 
Department of Neurosurgery, Stanford University School of Medicine, c/o Kristy Verhines, 
SINTN, 265 Campus Drive, G1078B, Stanford, CA 94305. 


Please send an electronic copy of the cover letter and curriculum vitae to 
sintnjobs@stanford.edu. 


Stanford University is an Equal Opportunity Employer and is committed to increasing the 
diversity of its faculty. It welcomes nominations of and applications from women and members 
of minority groups, as well as others who would bring additional dimensions to the university $ 

research and teaching missions. 


online @sciencecareers.org 
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_tuf NATIONAL INSTITUTES OF HEALTH _ 


Department of Health and Human Services 
National Institutes of Health 


Clinical Director 
National Institute of Arthritis and Musculoskeletal and Skin Diseases 


The Intramural Research Program of the National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS) is seeking a physician-scientist to serve as Clinical Director. 
This individual will direct the NIAMS Program in Translational Research, which includes training and clinical care branches as well as multiple investigative laboratories and branches. 
Investigators in the Clinical Program conduct studies in natural history and treatment as well as basic investigations into the etiology and/or pathophysiology of disease. The candidate 
should have the ability to manage this diverse clinical research enterprise and to provide the leadership to maintain the outstanding track record of the NIAMS Clinical Program. The 
ideal candidate for this position is an M.D. or M.D.-Ph.D. who is board-certified or board-eligible in either Pediatrics, Internal Medicine and Rheumatology or Allergy/Immunology. 
Potential areas of concentration would include rheumatoid arthritis, systemic lupus erythematosus, ankylosing spondylitis, vasculitis, scleroderma, myositis, osteoarthritis, or other 
inflammatory/rheumatic diseases. The candidate should have experience in conducting clinical or translational research and in immunology, cell biology, genetics, or other areas of 
research relevant to rheumatic or autoimmune disease. The candidate will also be provided generous independent resources to develop his/her own clinical or translational research 
program as a tenured investigator within NIAMS. 


The NIAMS Clinical Program is part of the NIH Intramural Research Program, located in Bethesda, Maryland. Investigators in this program have full privileges to admit their 
research subjects, free of charge to the patient, to the new Mark O. Hatfield Clinical Research Center, a state-of-the-art 230-bed hospital fully devoted to clinical and translational 
studies. Ample resources will be provided to the successful applicant to establish a first-rate Clinical Program and their own research program in his or her area of concentration. 
The NIAMS Intramural Research Program, headed by its Scientific Director, Dr. John O’Shea, comprises several outstanding programs in cytokine biology, signaling, genetics, and 
structural biology, and the broader NIH Bethesda campus provides a rich and highly interactive environment within a wide range of basic and translational research disciplines that 
relate directly to rheumatology. 


Salary will be commensurate with experience. A full package of benefits, including retirement, health, life, and long-term care insurance, and a Thrift Savings Plan, is available. 
Qualified international applicants who have passed the ECFMG or USMLE examinations or have comparable qualifications are welcome to apply. 


Interested applicants should send.a curriculum vitae, a one-page summary of research interests, and the names of three referees to Ms. Linda Peterson, 31 Center Drive, MSC 2350, 
Building 31, Room 4C12, Bethesda, MD 20892-2350, e-mail petersonl@arb.niams.nih.gov. If you need additional information, please call Dr. John O’Shea at 301-496-2612. 
Review of applications will begin on or about January 3, 2011, but applications will be accepted until the position is filled. 


Division of Intramural Research 
Laboratory of Molecular Immunology 


Postdoctoral positions are available in the Inflammation Biology Section of the | . 
Laboratory of Molecular Immunology, NIAID. The section uses the chemokine | | 
system to understand T-cell biology in humans and mouse models related to | 
effector/memory cell function and differentiation, inflammation, host defense, 

and cancer. Principal, current projects focus on characterizing long-lived | ] 
populations of memory cells in humans, understanding pathways for the | 
differentiation of human CD4+T cells, investigating the roles for chemokines/ - ws 
chemokine receptors in models of Th17-type inflammatory disease and host Y At 

defense, understanding chemokine receptor signaling in lymphocytes, and = 
using chemokine receptors as targets of novel probes for in vivo imaging. 
In. consultation with the principal investigator, new members of the section 
will design independent projects related to these areas. 


Application for these positions requires an interview. Contact Joshua M. Farber 
at jfarber@niaid.nih.gov. For more information about NIAID’s available 
training and career opportunities, visit wv id.ni 


National Institute of Alle 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


WWW.NIH.GOV 


Tenure/Tenure Track Investigator Position 
Laboratory of Immunology 


The Laboratory of Immunology (LI), 
Division of Intramural Research, National 
Institute of Allergy and Infectious 
Diseases, National Institutes of Health, 
invites applications for a tenure/tenure- 


track investigator position in immunology. 


Applicants should have a Ph.D., M.D., or 
equivalent degree; an outstanding record 
of postdoctoral accomplishment; and an 
interest in any area of biomedical 
research related to immunology. 


Specifically, we seek a highly creative 
individual who will establish an 
independent, world-class research 
program that takes full advantage of 
the special opportunities afforded by 
the stable, long-term funding of the 
intramural research program at NIH. 
Applicants should be interested in 
developing and applying novel 
approaches to the study of problems 
of major biological and/or medical 
importance, which could include a 
significant clinical or translational 
effort in addition to bench research. 
The successful candidate would have 


access to the NIH Clinical Center, a state- 


of-the-art research hospital on the NIH 
campus in Bethesda, MD, and would 
have ample opportunity to participate in 
the activities of the Center for Human 
Immunology and other trans-NIH 
initiatives involving technology 
development, translational investigation, 
and multidisciplinary science. 


U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES 


National Institutes of Health 


Generous ongoing support for salary, 
technical personnel, postdoctoral fellows, 
equipment, and research supplies will be 
provided. Available cores or collaborative 
facilities include flow cytometry, 
advanced optical imaging, microarray 
generation and analysis, high throughput 
sequencing, computational biology, 
production of transgenic and gene- 
manipulated mice, biosafety level (BSL)-3 
facilities, chemical genomics, and support 
for projects involving RNAi screening. In 
addition to an outstanding, international 


To apply e-mail your curriculum vitae, bibliography, 

and an outline of a proposed research program (no more 

than two pages) in PDF format to Ms. Bao-Hanh Ngo at 
LIT-TTSearch@niaid.nih.gov. In addition, three letters 

of reference must be sent directly from the referee to Drs. Giorgio 
Trinchieri and Dan Kastner, Co-Chairs, NIAID Search Committee, 
c/o Ms. Bao-Hanh Noo at LIT-TTSearch@niaid.nih.gov or 

10 Center Drive, MSC 1356, Building 10, Room 4A22, 

Bethesda, MD 20892-1356. E-mail is preferred. 


Applications will be reviewed starting December 13, 2010, 
and will be accepted until the position is filled. For further 
information about this position, contact Dr. William Paul at 


301-496-5046 or wpaul@niaid.nih.govs 


A full package of benefits (including retirement and health, 
life, and long-term care insurance) is available. Women and 
minorities are especially encouraged to apply. U.S. citizenship 


is not required. 


Further information on working at NIAID is available on 
our Web site at www.niaid.nih.gov/careers/LIS. 


postdoctoral community, a superior pool 
of graduate and undergraduate students 
is available to the successful applicant. 


NIAID’s Laboratory of Immunology has a 
distinguished history of accomplishment 
in. immunology. We strongly encourage 
application by outstanding investigators 
who can continue and enhance this 
record of achievement. Current LI 
investigators are Ronald Germain, 
Michael Lenardo, David Margulies, 
Stefan Muljo, William Paul, Ethan 
Shevach, and Tsan Xiao. 


NIAID 


National Institute of Allergy and Infectious Diseases 


Ws 


National Institute of Allergy and Infectious Diseases 


Proud to be Equal Opportunity Employers 


Oakland University 


Jagiellonian University 
g Department of Biological Sciences 


Mas Manele poeiaty Full Time Faculty Position 


in Human Anatomy 


The Jagiellonian University in Krakow and The Department of Biological Sciences at Oakland University 
the Max Planck Society announce a invites applicants for a full-time faculty position in human 


anatomy to be filled by August 2011. The appointment will be for 

a Special Instructor, which is a teaching-intensive faculty position 

eading to job security equivalent to tenure. The Department offers 

Max Planck Research Group aboratory courses in human anatomy utilizing cadaver dissection and 
prosections as well as human anatomy lecture courses to a population 
: of mainly preprofessional and health sciences students. An optimal 
in the area of candidate will have a Ph.D. in anatomy, but applicants with other 
relevant doctoral degrees or a master’s degree plus experience will also 
. be considered. This individual will have excellent teaching skills and 
Molecular Plant Sciences will be able to teach human anatomy effectively at the undergraduate 
(including plant-microbe interactions) evel, mentor eaching assistahits me the naan anatomy ibe, work 
collaboratively with other participating faculty and programs. The 

position offers a competitive salary package and outstanding retirement 
and health benefits. 


online @sciencecareers.org 


: : : He The Department of Biological Sciences (http://www2.oakland.edu/ 
The group will be located at the Jagiellonian Uni biology/) is a modern, well equipped, research oriented department 


versity in Krakow. with state of the art instructional labs including a dedicated cadaver 
lab. Oakland University is a state-supported institution of over 19,000 


The successful candidate should be early in her/ fh situated . delat ,500-acre wooded campus in the 
. errs . . northern metropolitan Detroit area. 
his scientific career. The candidate is expected to euaragines . 
d l . - I + h Applicants should mail their curriculum vitae including a list of 
evelop an inte rnationa yo competitive researc references and teaching philosophy and arrange to have three letters of 
program. Ideally, the scientific activities would com- recommendation sent to: Human Anatomy Search Chair, 
; ; i Department of Biological Sciences, Oakland University, Rochester, 
plement ongoing research at the University and at MI 48309-4401. Review of applications will begin January 15, 2011 


the host institute of the Max Planck Society. and continue until the position is filled. Questions can be addressed to 
wendell@oakland.edu. 


Science Careers 


Funding covers a start-up equipment package 
(500,000 Polish Zlotys which is an equivalent to ap- 
prox 150.000 Euro) and necessary and adequate 


Oakland University is an equal opportunity employer 


running costs. In addition, funding is provided for the a 
position of the group leader at the level of an asso- a epee ptt EL www.westernu.edu 
ciate professor (employed at a Max Planck Institute = a? LE 
to be determined and detached to the Jagiellonian 
University in Krakow) and further staff members 
(one post-doctoral fellow post or two graduate stu- 
dents, one Ph.D. student and one technician) to be 

Western University of Health Sciences, a thriving center for human health care and veterinary medicine 


employed at the Jagiellonian University In Kra kow. education, is opening a new site for the College of Osteopathic Medicine of the Pacific — Northwest 


The initial a ppol ntment of the group leader is for 5 (COMP-NW) in Lebanon, Oregon with the inaugural class beginning in Fall, 2011. The University’s 10 year 
ye ars with the possibility of exten sion (2 x2 ye a rs) plan and core values have propelled the Institution to be a benchmark University for the development of 
: A : interprofessional and graduate medical education. The University values a diverse institutional community 

after international review. and is committed to excellence in its faculty, staff and students. Western University seeks applicants 
of distinguished academic accomplishments who possess a passion for excellence and can illustrate a 


Applications should include a CV, a list of publica- proven track record of achievements. 
tions, a one-page summary of scientific achieve- The Department of Basic Medical Sciences provides the preclinical education for the College of 


ments, a two-page research plan and two lette rs Osteopathic Medicine, and invites applications from highly motivated individuals for tenure-track faculty 
: positions in microbiology/immunology. These are full-time, 12-month, tenure-track positions at the 


of recommendation. Deadline for application is Assistant Professor/Associate Professor/Professor rank dependent upon qualifications. Successful 


December 16, 2010. Successful a pplicants should candidates will be located at the new site on the COMP-NW campus. Applicants must have a Ph.D. 
in microbiology or immunology and at least 2 years of postdoctoral experience. Similar positions in 


be pre pa red to join a sele ction sym posi um h eld on physiology, biochemistry/genetics, and pharmacology are also available at both the Lebanon, OR and 

Jan uary 26+27, 201 1 In Kra kow, Poland. Pomona, CA campuses. Preference will be given to master educators who have demonstrated excellence 

in teaching with significant scholarly activity and/or those with a history of extramural funding and a strong 

Fo r fu rth er info rm ati onan d d eta j | e d a p p | j c ati on in s- potential to obtain further grant support for their research program. Submit a current curriculum vitae 

; and a cover letter describing your teaching experience and philosophy, your research activity and goals, 

tructions see and how you meet the qualifications for the position. Please include contact information for at least three 
references. These positions will remain open until filled. 


Faculty Positions in Microbiology/Immunology available for 2011 
College of Osteopathic Medicine of the Pacific — Northwest Lebanon, Oregon 


http://www.mprg.mpg.de Nissar A. Darmani, PhD 
r : 7 Assistant Dean for Basic Sciences and Research 
The Max Planck Society Inan equal opportunity Department of Basic Medical Sciences 


employer, and is interested to raise the proportion ae ee Nene eee 
Western University of Health Sciences 


of women in areas where they are underrepresen- 309 E. Second Street, Pomona, CA 91766-1854 
ted. Thus applications from female scientists are Email Address: ndarmani@westernu.edu 


es pe Cla | ly encoura g ed . Western University of Health Sciences is an equal opportunity employer. 


EB 


UNIVERSITY of OULU 


OULUN YLIOPISTO 


online @sciencecareers.org 


The University of Oulu in Northern Finland is an international, multidisciplinary research university with a rich 
pool of creative and intellectual talent. The Oulu Region is recognized as a world-class R&D hub with R&D 
input per capita among the highest globally. We promote advanced research in six faculties and more that 


70 different specialist disciplines especially in our focus areas: Biosciences and Health — Environment, Natural 
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Resources and Materials — Information Technology — Cultural Identity and Interaction. 


We are now offering outstanding researchers with 
PhD's Investigator Start-up Packages for five years 


Research Fellow 9. Human Geography with a research theme 
start-up packages in Mobilities, borders and identity 

oe oo 10. The Northern Finland Birth Cohorts 1966 
|. Biosciences and Molecular Medicine in and 1986 Study 


Biocenter Oulu (2 positions) 


2. Experimental NMR Spectroscopy Professorship in 


3. Mathematical Analysis 
I1. Education with a special emphasis on 


4. Biomedical Engineering with focus on Learning and Interaction in Teacher Education 
Multimodal Characterization and 


Modelling of Tissues and Organs =e . 
In addition, we are looking 


5.River Basin Research for outstanding Post- 
6.Interdisciplinary and Transdisciplinary Doctoral Researchers in 
Research in Environmental Sciences 


12. Economic Geology and Petrology with a focus 


de SUS halle ie Resource Manaeeinsnt ate on the Petrogenesis of Platinum Deposits 


Material Efficiency 


13. Materials Research Using Synchrotron 


BC CmIMLAI cas Once ts ealiel NER OrRE Radiation Excited Electron Spectroscopy 


Challenges of Nano-scale Wireless Sensor 
Networks 4. Genes and Environment (2 positions) 


More information on the positions and how to apply at www.oulu.fi/english 


online @sciencecareers.org 
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<2 CIFAR 


CIFAR’s Junior Fellow Academy 
Announces New Fellowships 


The Junior Fellow Academy of the Canadian Institute for Advanced 
Research is an elite fellowship program designed to build research and 
leadership capacity in gifted scholars at a critical early stage of career 
development. The Academy provides unique opportunities for personal 
and professional growth through close collaboration with and mentorship 
from some of the best researchers in Canada and around the world. 


By participating both in an innovative CIFAR research program and 
the leadership-building Junior Fellow Academy, Junior Fellows learn 
to embrace CIFAR’s core values: to think broadly and imaginatively 
across disciplines and to collaborate on a deep level with colleagues. 
These valuable experiences are intended to profoundly impact a Junior 
Fellow’s future career path. 


CIFAR Junior Fellowships are held in conjunction with a uni- 
versity appointment. Most typically, Junior Fellows work as 
postdoctoral fellows under the direct supervision of one or more 
CIFAR program members. Junior Fellow applicants in the social 
sciences and humanities may hold a junior faculty position. 


Eligibility: The Academy is targeted to individuals who have completed 
or will complete their PhD within the three years prior to 
advertised Junior Fellowship starting dates and have dem- 
onstrated outstanding scholarship and research potential. 
Advertisements for Junior Fellowship positions currently 
available in various CIFAR research programs may specify 
additional eligibility requirements. 


Duration: Two years. 


Value’: For postdoctoral fellows (per year): 
* $70,000 CDN/US for salary and benefits 
* $5,000 CDN/US for research support 


For junior faculty members (per year): 

* $50,000 CDN/US for research support 

“US dollar values apply when positions are held outside 
of Canada. 


How to Apply: Specific Junior Fellowship positions in several CIFAR 
programs, as well as application instructions, are now advertised at 
www.cifar.ca/JFA, with an application deadline of January 21, 
2011. New positions and deadlines will be posted each fall and spring. 
Visit today for more information about CIFAR and its Junior Fellow 
Academy. 


CIFAR is strongly committed to diversity within its community, and 
especially welcomes applications from visible minority group mem- 
bers, women, Aboriginal persons, persons with disabilities, members 
of sexual minority groups and others who may contribute to further 
diversification of ideas. 


CIFAR’s Research Programs: 
Cosmology and Gravity; J. Richard Bond, Director 
Earth System Evolution; Jerry Mitrovica, Director 
Experience-based Brain and Biological Development; Tom Boyce 
and Marla Sokolowski, Directors 
Genetic Networks; Brenda Andrews, Director 
Institutions, Organizations and Growth; Elhanan Helpman, 
Director 
Integrated Microbial Biodiversity; Patrick Keeling, Director 
Nanoelectronics; Peter Griitter, Director 
Neural Computation and Adaptive Perception; Geoffrey Hinton, 
Director 
Quantum Information Processing; Raymond Laflamme, Director 
Quantum Materials; Louis Taillefer, Director 
Social Interactions, Identity and Well-Being; George Akerlof and 
John Helliwell, Directors 
Successful Societies; Peter A. Hall and Michéle Lamont, Directors 


KAIST 


Tenure-Track Position 
Graduate School of Nanoscience and Technology 
KAIST (Korea Advanced Institute of Science and Technology) 


The Graduate School of Nanoscience and Technology at KAIST invites 
applications for full-time, tenure-track or tenured faculty positions. 

The Graduate School of Nanoscience and Technology is a recently 
established department in the College of Natural Sciences at KAIST, 
specializing in the interdisciplinary research in the area where physics, 
chemistry, biology, materials science, and engineering come together. In 
particular, we are interested in the following three areas of nanoscience 
research: Bio-photonics, including imaging, sensing, and manipulation; 
Fabrication/synthesis/characterization of nanomaterials and structures; 
and theoretical/computational nanoscience research. However, qualified 
applications will be given equal consideration regardless of the proposed 
field of research. 


Applicants must have a Ph.D., and some postdoctoral research experience 
is desirable. However, candidates from all fields, nationality, and ethnicity 
will be considered equally, and are encouraged to apply. The position is 
for a junior level professor, but senior level appointments are possible 
depending on qualifications. 


Interested candidate should submit official application form (available at 
http://www. kaist.edu/english/02_faculty/01_recruit_02.php?pt=22) 
including publication list, research plan and teaching plan and at least three 
letters of recommendation to Prof. Jung H. Shin, Head, Graduate School 
of Nanoscience and Technology, KAIST, Daejeon, 305-701, Korea. 
Applications completed by December 24, 2010, will be given full 
consideration, but the search will continue until the positions are filled. 


If you have any further inquiry, please contact the Program Head at jhs@ 
kaist.ac.kr. 


SFBR 


Eerie Picea Tiers 
roa Biches Reneaine 


FACULTY POSITION 


The Department of Virology and Immunology at the Southwest Foundation 
for Biomedical Research in San Antonio, Texas, invites applications for a 
faculty-level position for the first Ewing Halsell Scholar. The appointment 
will be at the SCIENTIST level, this is equivalent to a full professor at a 
major research university. The Department has faculty with research pro- 
grams focusing on hepatitis viruses, human and simian immunodeficiency 
viruses, and emerging viruses such as hemorrhagic fever viruses. Major 
strengths of the Foundation are the extensive nonhuman primate resources, 
which include macaques, marmosets, chimpanzees and baboons. 


There is a strong pre and postdoctoral training program and a close 
association with the University of Texas Health Science Center at San 
Antonio, including a role in graduate education. All candidates must have 
as a minimum a doctoral degree in the biological sciences or an M.D. 
degree, and have completed at least two years of relevant postdoctoral 
research. Candidates must have demonstrated ability to direct an inde- 
pendent research program in animal virology and have been shown to be 
competitive for extramural support. Funding for this position comes from 
the Ewing Halsell Foundation. 


All areas of virology will be considered but preferences will be given to 
emerging viral agents that require maximum containment and the use of 
nonhuman primates. The Department is particularly interested in a person 
with expertise in host-pathogen interactions with an innovative program 
in molecular pathogenesis or cellular immunology. 

Please mail curriculum vitae, a description of research interest, and the 
contact details for three references to: Director of Human Resources, 
Southwest Foundation for Biomedical Research, P.O. Box 760549, San 
Antonio, Texas 78245-0549; www.SFBR.org. 


EOE 


SUSTAINABLE ENERGY 
FOR A BETTER WORLD 


The Master of Engineering (Sustainable Energy) program at RMIT University, 
Melbourne, Australia, offers engineering and science graduates a unique 
opportunity to gain a specialist qualification in the rapidly growing area of 
sustainable energy. 


The program has a strong applied focus on the full range of energy efficiency 
and renewable energy technologies including solar thermal, biomass, wind and 
wave power, and cogeneration and trigeneration. 


A unique feature of the program is an innovative approach to setting emerging 
technologies and technical analysis firmly within the context of economic, 
environmental, and social evaluation of sustainability. Hence RMIT Masters 
graduates are uniquely equipped to become effective sustainable energy 
practitioners in the global industry, governmental, nongovernmental and 
community-based organisations. 


Specialists teaching the program include international experts and award 
winning Australian researchers. 

The program has attracted highly talented students from around Australia 
and the world who are committed to creating a better world. 


online @sciencecareers.org 


N 
ae 
o 
= 
a 
So) 
v 
Y 
= 
= 
9g 
N 


For further information contact, Associate Professor John Andrews 
School of Aerospace, Mechanical and Manufacturing Engineering 
Email john.andrews@rmit.edu.au or phone 61 3 9925 6085 


www.rmit.edu.au/aeromecheng/sustainableenergy 


® RMIT 


UNIVERSITY 


GRADUATE PROGRAM 


CALL FOR PhD STUDENTS 


The Graduate Schoo! at IST Austria invites applicants from all countries to its PhD program. IST Austria is 
4 a new institution located on the outskirts of Vienna dedicated to cutting-edge basic research in the natural 
sciences and related disciplines. The language at the Institute and the Graduate School is English. 


The PhD program combines advanced coursework and research, with a focus on Biology, Computer 
Science, Neuroscience, and interdisciplinary areas. IST Austria offers internationally competitive 

PhD salaries supporting 4-5 years of study. Applicants must hold either a BS or MS degree or equivalent. 
a. 


The Institute offers PAD students positions with the following faculty: 


Nick Barton Evolutionary and Mathematical Biology 
Jonathan P. Bollback Evolutionary Biology 

Tobias Bollenbach Biophysics and Systems Biology 
Krishnendu Chatterjee Game Theory and Software Systems Theory 
Sylvia Cremer Evolutionary and Behavioral Biology 

Herbert Edelsbrunner Algorithms, Geometry, and Topology 

Calin C. Guet Systems and Synthetic Biology 

Carl-Philipp Heisenberg Cell and Developmental Biology 

Thomas A. Henzinger Software Systems Theory 

Peter Jonas Neuroscience 

Christoph Lampert Computer Vision and Machine Learning 
Michael Sixt Cell Biology and Immunology 

GaSper Tkacik Theoretical Biophysics and Neuroscience 

Chris Wojtan Computer Graphics 


Additional faculty members will be announced on the IST website www.ist.ac.at. 
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For further information and access to the online application please consult www..ist.ac.at/gradschool. 
For inquiries, please contact gradschool@ist.ac.at. For students wishing to enter the program in the 


fall of 2011, the deadline for applications is January 15, 2011. 
IST Austria is committed to Equality and Diversity. Female students are encouraged to apply. 


tle 4Y AUSTRIA 


Institute of Science and Technology 


online @sciencecareers.org 


ie 
b 
= 
a 
0 
g 
= 
x 
3) 
an 


FRED HUTCHINSON 


CANCER RESEARCH CENTER 
A LIFE CHF SCHEME 
Faculty Position - Computational Biology 


The Computational Biology Program and the Division of Public Health Sciences of the Fred Hutchinson Cancer Research Center invites applications 
for the position of Assistant or Associate Faculty Member (equivalent, respectively, to Assistant or Associate Professor at a university). This position 
will include a primary appointment in the Computational Biology Program and in the Division of Public Health Sciences, and possibly an appointment 
in Basic Sciences, Human Biology, Vaccine and Infectious Disease, or Clinical Divisions, depending on mutual interest. 


The successful candidate will enter an active and dynamic research environment with many opportunities to collaborate with scientists across a diverse 
range of disciplines. We are seeking outstanding candidates with a strong research program that includes computational strategies, possibly in combina- 
tion with their own laboratory investigation, to investigate important biological phenomena. All areas will be considered, but we are particularly inter- 
ested those relating to: genomics, infectious diseases, cancer biology, basic biology, and population sciences. The incumbent will be expected to conduct 
an active program of independent and collaborative research pertinent to the mission of the Center. For more information on the Computational Biology 
Program, please go to: http://compbio.fhere.org/. 


An affiliate appointment at the Assistant or Associate professor level in a relevant department at the University of Washington is possible, depending on 
mutual interest. Applicants should have a PhD or equivalent degree. Faculty rank will be dependent on qualifications and experience. The Fred Hutchin- 
son Cancer Research Center is a world-renowned research institution. The Center conducts research of the highest standards to improve prevention and 

treatment of cancer and other diseases related to human health. 


The applicant review process begins as applications arrive, but any application received by December 1, 2010, will be guaranteed consideration for the 
position. Applications that arrive after that date will be considered as long as the position remains open. Please send applications including curriculum 
vitae, a letter describing research interests, and the names of four references by e-mail or mail to: 

Martin McIntosh, Search Committee Chair 

c/o Sara Zriny 
Division of Public Health Sciences M1-C108 
Fred Hutchinson Cancer Research Center 
1100 Fairview Avenue North, PO Box 19024 
Seattle, Washington 98109-1024 


email: Sara Zriny (szriny@fherc.org) 


The Fred Hutchinson Cancer Research Center and the University of Washington are Equal Opportunity Employers. 
Both institutions are building culturally diverse faculty and strongly encourage applications from female and minority candidates. 


Oakland University Laer werd TEXAS TECH UNE 
Department of Biological Sciences Edward. E. Whitacre Jr. 


Tenure-Track Assistant Professor _ College of Engineering 


Cuklaned] aa! ‘ 
TERE] Position in Human Physiology 


—l The Maddox Chairs in Energy 
The Department of Biological Sciences at Oakland at Texas Tech University 


University invites applications for a tenure-track Assistant ‘The Edward E, Whitacre Jr. College of Engineering at Texas Tech University is 


Professor position to be filled by August 2011. We see committed to leveraging these two exceptionally large endowed chairs at 
e ; : : over $7 million each, to become one of the nation’s leaders in finding solutions 
candidate with a strong background in physiology or 


to the world’s energy challenges. The college is seeking world-class researchers 
physiology with pharmacology who will investigate key proble 


in solar and sustainable energy as candidates for the Maddox Chairs. 
in cellular or systemic physiology. Laboratory space and Abe Sars r 4 ar 
y y By y SP Donovan Maddox Distinguished Engineering Chair in Solar Energy 


competitive startup package will be provided. A PhD and post- Sones aes Engi a ae Ey 
doctoral experience are required as well as a strong research track EARLE SD Sgt Bed eg Ciaai tn Suesratnable Enery) 


record evidenced by publications and grant activity. The successful Candidates are expected to have an international reputation in the fields 


candidate is expected to develop a vigorous, extramurally funded _of solar energy or energy sciences and engineering as evidenced by _ 
: sachy-effectivel i devorad d publications, citations, and peer recognition. In addition, a record of acquiring 
research program, to teach effectively at the undergraduate an external resources to support research, team building, and mentoring of 


graduate levels, and to mentor undergraduate and graduate associates and graduate and undergraduate students is necessary. 


seidenis Me-qnd ENO) The successful candidates will set the tone, vision, and path in order to 
The Department of Biological Sciences (http://www2.oakland. build an internationally recognized program at Texas Tech University 
edu/biology/) is a modern, well equipped, and research oriented eels ee enn Cie ee ES 
department of 22 faculty members. Oakland University is a state- ; 
supported institution of 19,000 students situated on a beautiful 
1,600-acre campus 25 miles north of Detroit. 


The holders of each of the Maddox Chairs will be expected to not 
only bring his or her own research activities to the Whitacre College 
of Engineering, but also to build a collaborative community of 
scholars at Texas Tech to build a world-class research program. 


Applicants should mail a hard copy of application including their 
curriculum vita, statements of research plans and teaching 
philosophy, copies of key reprints, and arrange to have three letters 


Screening will begin upon the receipt of applications and will continue until the position is filled. 
Candidate names will not be made public until the final stages of the search. 


sent by January 7, 2011 to: Anne Hitt, Physiology Search Chair. Curriculum vitae and the names and contact information of at least four references should 
oor a: : : . ie be submitted at www.coe.ttu.edu/maddox. To nominate a colleague for these chairs, 
Department of Biological Sciences, Oakland University, visit www.coe.ttu.edu/maddox. Nominations can be made anonymously. 


Rochester, MI 48309-4401. Please communicate any MGUITIes by Questions about the Jack Maddox or Donovan Maddox Chairs should be directed to: 


email to hitt@oakland.edu or dvir@oakland.edu. Jack Maddox and Donovan Maddox Search Committees 
Texas Tech University | Whitacre College of Engineering 


Box 43103 | Lubbock, Texas 79409-3013 | engineeringdean.coe@ttu.edu | 1.800.528.5583 


Oakland University is an Affirmative Action/Equal Opportunity Employer 


sae feegiancs Texas Tech University | Whitacre College of Engineering 
and encourages applications from women and minorities. 


1.800.528.5583 | www.coe.ttu.edu/maddox ‘an morans wth Debits Ener 


KYUSHU UNIVERSITY 


International Institute for Carbon-Neutral Energy Research 


The International Institute for Carbon-Neutral Energy Research (I?CNER) at Kyushu University in Japan is 
actively seeking candidates for open-rank faculty and post-doctoral research associates. 


Outline: The International Institute for Carbon-Neutral Energy Research (I?CNER) is a member of the World Premier International Research Center Initiative established 
by the Japanese Ministry of Education, Culture, Science and Technology (MEXT). Faculty members and researchers associated with I?CNER are dedicated to the 
Institute’s mission to contribute to the creation of a sustainable and environmentally friendly society by advancing fundamental science to reduce CO, emissions and 
the realization of a hydrogen economy. The ITO Campus of the Kyushu University houses extensive state-of-the-art experimental and computational facilities. 


Qualifications: The successful candidate will have experimental or computational expertise in the physics, chemistry, mechanics, and materials science aspects of: 


Hydrogen storage and embrittlement 

Next generation fuel cells for transportation 

Solar/chemical hydrogen production 

Thermophysical properties of hydrogen and CO, 

Chemistry for efficient material transformation 

Basic science issues underlying CO, separation/concentration 
and geologic/oceanic capture and sequestration 


Faculty members are expected to initiate and sustain vigorous research programs that both advance and are relevant to the mission of I?CNER. Candidates for faculty 
positions must have achieved national and international recognition for their research accomplishments. Post-doctoral research associates will join research groups 
relevant to their field of expertise and education. 

Application process: Applicants must provide (1) cover letter; (2) curriculum vitae that details research experience and interests; (3) a list of publications; (4) the 
names and contact information of four references. All materials must be submitted in English. 

Starting Date: As soon as possible after closing date 

Salary: Commensurate with qualifications and experience 

Application deadline: 17:00, December 24, 2010 (Japan Time); Interviews may take place prior to the closing date; however, no final decisions will be made until 
after this time. 


For More Information: http://www.kyushu-u.ac.jp/english/research/wpi/; 

Send inquiries to: wpi-office@i2cner.kyushu-u.ac.jp 

Kyushu University is an Equal Opportunity/Affirmative Action Employer. The administration, faculty and staff embrace diversity and are committed to attracting 
qualified candidates who also embrace and value diversity and inclusivity. 


The Lundbeck Foundation Junior Group Leader Fellowships 


The Lundbeck Foundation hereby invites applications for five fellowships which will be granted to especially promising 
young researchers and their research groups. 


The fellowships are awarded for five years, and each fellowship The application should include an account of the project’s research 


amounts to DKK 10 mio. (approx. Euro 1,3 mio.). plan, collaborators, budget and how the research group is envisioned 
to be placed within a Danish research institution. In addition, a 

The fellowships are intended for five researchers in their thirties who curriculum vitae, a list of scientific publications and letters of recom- 
are qualified to establish or develop their own research groups within mendation are requested. 
the health- or natural sciences. We envisage researchers who have 
received their Ph.D. degree within the last 5-7 years. The subject area The application, written in English, should be sent via the Founda- 
should be frontline basic- or applied research within the scope of the tion’s Electronic Application System for Junior Group Leader Fellow- 
ships 2011 at www.lundbeckfonden.dk no later than December 15, 


2010. 


Foundation’s grant strategy, as can be seen at www.lundbeckfonden.dk 


The fellowships may well attract Danish or foreign researchers from 


abroad who wish to move to Denmark and continue their research For further information please contact Anne-Marie Engel, Director of 


here. The call is also open for researchers from Danish universities 
and university hospitals. 


The Lundbeck Foundation is a commercial foundation with considerable shareholdings 
in the two listed companies H. Lundbeck A/S and ALK-Abellé A/S. Yields from the 
Foundation’s capital are used, among other things, to support scientific research 
primarily within the biomedical sciences but also the biologically oriented natural 
sciences as well as physics and chemistry. The Foundation grants approx. DKK 400 
mio. (approx. Euro 50 mio.) annually to scientific research. 


Research at the Lundbeck Foundation, phone: (+45) 39 12 80 17 or 
at mail@lundbeckfonden.dk 


LUNDBECKFONDEN 


Lundbeckfonden 

Vestagervej 17, DK-2900 Hellerup 
Tel. +45 39 12 80 00 
www.lundbeckfonden.dk 


online @sciencecareers.org 
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cue UC wrvine Cee oe Te DE RIMG 
TENURE-TRACK AND TENURED FACULTY POSITIONS In a0 1 

THE HENRY SAMUELI SCHOOL OF ENGINEERING AT THE UNIVERSITY OF CALIFORNIA, ‘ 


IRVINE invites qualified applicants for a tenure-track faculty position. The position will be formally associ- 
ated with Biomedical Engineering Department and will interact closely with the Laboratory for Fluorescence - 
Dynamics, the Beckman Laser Institute, the Edwards Lifesciences Center for Advanced Cardiovascular 


Technologies and the Micro/nano Fluidics Fundamentals Focus Center. Applicants must hold a Ph.D. degree ; he 
in biomedical engineering or related field, and will be expected to maintain a broad-based extramurally funded | 5 re GC rh | {| | Q 
research program. Research areas of interest include broadly the application of engineering technologies = 

(e.g. bionanotechnology) to address the development and application of synthesized biomolecular probes to f : 

dynamically probe cellular and molecular events, both in vivo and in vitro. The biomolecular probes can be ry aril permanent 
broadly defined including, but not limited to, nanoparticles (either organic or inorganic), aptamers, FRET and re 5 earch ers 
SERS based probes, quantum dots, etc.. Applications for these biomolecular probes are often referred to as 
“nanomedicine” which include, but are not limited to, diagnosing and treating cancer, heart/brain diseases, r ital See Pe felds 
and for studying basic biological processes (e.g. live cell imaging, mechanobiology, real-time monitoring 
and quantifying of genes, contrast agents for in vivo imaging, and delivery of therapeutic molecular reagents 
in vivo). In addition, the successful candidate will be expected to advise students and teach undergraduate b-* LIFE SCIENCES 

and graduate courses as well as develop collaborative programs with other faculty members and programs “| x CHEMISTRY 

at UCL The University of California, Irvine is situated in Orange County’s rapidly growing high technol- CEN MENTAL SCIENCES 
ogy sector that includes more than 310 biomedical companies which are actively involved in our program. AND SUSTAINABLE 
Nominally, the position will be at the assistant professor level (tenure-track), but in exceptional cases senior i DEVELOPMENT 

applicants will be considered. The successful candidate will be considered for a Samueli Faculty Career HUMANITIES AND SOCIAL 


Development Professorship (junior level) or a Samueli Endowed Chair (senior level). ; SCIENCES 
APPLY NOW - submit your application to our online recruitment program. ey * COMPUTER SCIENCE 


For full consideration, candidates should upload applications electronically, please refer to the following E gi 
website for instructions: http://www.eng.uci.edu/employment/applicationinstructions. Applications 
should include a curriculum vitae, a brief (no more than 2 pages) description of current and future research 
and teaching interests, and names of at least three references. Questions regarding these positions may be 
addressed to Ms. Ruth M. Gratzer, rmgratze@uci.edu. For more information about the Department of 
Biomedical Engineering please visit our website at http://www.bme.uci.edu. Selection will begin December 
1, 2010, and continue until the position is filled. 


UCT is an Equal Opportunity Employer committed to excellence through diversity and strongly encour- Onirscaghiitim al ewars.t 
ages applications from all qualified applicants, including women and minorities. UCI is responsive to , fon Cacem bara, ant 
the needs of dual career couples, is dedicated to work-life balance through an array of family-friendly Regs] ain hea rae 

policies, and is the recipient of an NSF ADVANCE Award for gender equity. damier, 21! 


Faculty Position in UNIVERSITY OF CALIFORNIA 


Canine Genetics/Genomics UCRIVERS| DE 
The Cornell University College of Veterinary Medicine invites q ) 


applications for an open rank tenure-track faculty position in statistical 
genetics, computational genomics, or complex trait genetics. The FACULTY POSITION in Biophysics/Structural Biology 
successful individual is expected to develop and lead a strong research Department of Biochemistry 

program in canine genetics/genomics, preferably focusing on the 
genetics of disease. The individual will engage with clinical and basic 
researchers at the College — considered to be the world’s best — and 


As part of an on-going programmatic initiative, the Department of Bio- 
chemistry at the University of California, Riverside invites applications for 
across the University. He/she may participate in the Center for anew aay P euin 7 the onan Prot sce Iyehineane pence imi 
Comparative and Population Genomics, Baker Institute for Animal biophysics, specifically including (but not limited to) structural biology (c.g., 
Health, Center for Vertebrate Genomics, and canine DNA Bank. An X-ray crystallography and biomolecular NMR). The successful candidate 
established individual would be expected to play a leadership role in will be expected to develop a vigorous, independent, and innovative research 
Cornell’s program in Comparative Canine Genomics. Cornell has program that is able to attract extramural funding, and also to contribute to 
excellent graduate programs in Statistical Genomics, Computational the Department s undergraduate and graduate teaching missions. The candi- 
Biology and Statistics, Biomedical Sciences, and Molecular Genetics. date will also be expected to interact with existing faculty on campus in the 
The University has state-of-the-art genomics core facilities. development of a vigorous graduate program in biophysics. The position is 
part of a continuing effort at UCR to expand structural biology and biophys- 
ics on campus, particularly in areas of biomedical relevance, and build on 
recent hires in these areas. A competitive startup package will be provided, 
with salary commensurate with education and experience. The position is 
available July 1, 2011. A Ph.D., M.D., or equivalent degree is required. 


Cornell’s main campus is situated in the beautiful Finger Lakes region 
of upstate NY. Cornell embraces diversity and seeks candidates who 
will create a climate that attracts student of all races, nationalities and 
genders. Women and underrepresented minorities are strongly 


encouraged to apply. Cornell also seeks to meet the needs of dual ca : 
career couples. Interested individuals should send curriculum vitae, a brief statement of 


research interests, and arrange for at least three letters of reference to be 
sent to Chair, Biophysics and Structural Biology Search Committee, 
Department of Biochemistry, University of California, Riverside, CA 
92521-0129. The University of California, Riverside is recognized as one 
of the Nation’s most ethnically and culturally diverse campuses, and appli- 
cations from highly qualified women and underrepresented minorities are 
particularly encouraged. Electronic applications are encouraged (send to 
Biochemistryjobs@ucr.edu). Review of applications will begin Novem- 
ber 30, 2010, and will continue until the position is filled. For additional 
Cornell University information about the Department, visit (http://biochemistry.ucr.edu), and 
Cornell University is an Affirmative Action/ for the campus, visit http://www.ucr.edu. 

Equal Opportunity Employer and Educator. 


To apply, please submit a curriculum vitae and a description of current 
and future research interests, with an emphasis on canine research, as 
a single PDF file to Dr. John Schimenti (doggenetics@cornell.edu). 
Also, arrange for three letters of recommendation to be sent 
electronically to the above address. The committee will begin 
considering applications December 1, 2010. 


The University of California is an 
Affirmative Action/Equal Opportunity Employer. 


PICTURE. YOURSELF ASA 
AAAS SCIENCE & TECHNOLOGY 
POLICY FELLOW 


Make a Difference. 
Help give science a greater voice in Washington, DC! 
Since 1973, AAAS Fellows have applied their skills 
to federal decision-making processes that affect 
people in the U.S. and around the world, while 
learning first-hand about the government 

and policymaking. 


Join the Network. 

Year-long fellowships are available in 

the U.S. Congress and federal agencies. 
Applicants must hold a PhD or 

equivalent doctoral-level degree in 

any behavioral/ social, biological, 
computational/ mathematical, earth, 
medical/health, or physical science, or 

any engineering discipline. Individuals 

with a master’s degree in engineering and 
three years of post-degree professional 
experience also may apply. Federal employees 
are not eligible and U.S. citizenship is required. 


Apply. 

The application deadline for the 2011-2012 AAAS 
Fellowships is 5 December 2010. Fellowships are 
awarded in the spring and begin in September. 
Stipends range from $74,000 to $97,000. 


Note: Additional fellowships are available 
through approximately 30 scientific society 
partners. Individuals are encouraged to 
apply with AAAS as well as with any 
scientific societies for which they qualify. 


OGe 


Full details at: fellowships.aaas.org 


Enhancing Public Policy, 
Advancing Science Careers 


Sharri Clark, PhD 


Anthropology, 
Harvard University 


Cherokee (Cherokee Nation 
of Oklahoma) and Choctaw 


2008-10 AAAS Science & 
Technology Policy Fellow 
at the U.S. Department 
of State, Office of the 
Secretary, Office of 

the Coordinator for 
Counterterrorism 


MN AAAS 


ADVANCING SCIENCE, SERVING SOCIETY 


online @sciencecareers.org 
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online @sciencecareers.org 


Science Careers 


Hi, University of 
& Massachusetts 


UMASS. Medical School 


Diabetes 
CENTER OF EXCELLENCE 


FACULTY POSITION 


The Diabetes Center of Excellence at 
the University of Massachusetts Medical 
School invites applications for a SENIOR 
TENURED or JUNIOR TENURE- 
TRACK basic science or clinical investi- 
gator faculty position. The Diabetes Center 
of Excellence currently consists of basic 
and physician scientists representing a 
broad range of disciplines in the biomedical 
and clinical sciences, with members from 
several Medical School Departments and 
Programs working together as central New 
England’s leading center for diabetes clinical 
care, innovation, and discovery. The Center 
occupies state-of-the-art research space 
on an expanding Medical School campus, 
and benefits from being a continuously 
funded Diabetes-Endocrinology Research 
Center (DERC) for over 28 years. Basic 
investigators benefit from core facilities for 
deep sequencing, proteomics, genotyping, 
fluorescence-activated cell sorting, digital 
imaging/confocal microscopy, genomics/ 
bioinformatics, transgenic/knockout mice, 
and mouse metabolic phenotyping. Clinical 
and community investigators benefit from 
infrastructure for recruitment and retention of 
research participants, measurement, behav- 
ioral and nutritional intervention resources 
and facilities, and academic-community 
research partnerships. Adult and pediatric 
clinical efforts of the Diabetes Center are 
housed in a new Ambulatory Clinical Care 
building designed so that patients can receive 
appropriate retinal photos, foot care, diabetes 
education, and other routine medical care at 
one location. The position will be highly 
competitive with regard to start-up funds, 
laboratory space and salary. The Center 
seeks an individual of outstanding research 
potential relating to diabetes pathophysiol- 
ogy or treatment. 


Applicants should send curriculum vitae, 
statement of research interests, and names 
and addresses of three references to: 
Dr. David M. Harlan 
Co-Director, Diabetes 
Center of Excellence 
Search Committee Chair 
% Patricia Cannon 
55 Lake Avenue North 
Ambulatory Care Building, 
Room AC4.127 
Worcester, MA 01655 
Patricia.cannon@umassmed.edu 
508.856.3800 


As an Equal Opportunity and Affirmative 
Action Employer, UMMS recognizes 
the power of a diverse community and 
encourages applications from individuals 
with varied experiences, perspectives, and 
backgrounds. 


@ Penn Medicine 


Computational Biology, 
University of Pennsylvania 
School of Medicine 


The Center for Bioinformatics at the 
University of Pennsylvania’s School of 
Medicine seeks candidates for several 
Full, Assistant, and/or Associate Professor 
positions in the tenure track. Rank will 
be commensurate with experience. The 
successful applicant will have experience in 
the field of bioinformatics. Responsibilities 
include research and teaching in 
bioinformatics and computational biology, 
and participation in the Genomics and 
Computational Biology graduate program. 
Applicants must have an M.D. and/or Ph.D 
degree and have demonstrated excellent 
qualifications in Research. 


This recruitment is directed at individu- 
als who specialize in bioinformatics. The 
search represents the combined effort of 
the Penn Center for Bioinformatics and 
the Institute for Translational Medicine and 
Therapeutics. Each faculty appointment will 
be in a School of Medicine department that 
is consistent with the scientific expertise of 
each successful candidate. 


Departments for faculty appointment 
include: 

Genetics: Seeking candidates in com- 
putational genomics, statistical genetics, 
population or evolutionary genetics, analy- 
sis of complex genetic diseases, and network 
biology. 


Microbiology: Seeking candidates who 
study host-pathogen interactions utilizing 
large data-sets generated by deep-sequenc- 
ing, whole genome RNAi screening, microar- 
rays and multiparametric FACS assays. 


Pharmacology: Seeking candidates in 
translational informatics, pharmacogenom- 
ics, network biology, bioinformatics, and 
associated disciplines. 


Biostatistics and Epidemiology: Secking 
candidates that develop novel statistical, 
probabilitic, and computational methods for 
analysis of large-scale genetic and genomic 
data. 


Medicine: Seeking physician-scientist can- 
didates who use computational approaches 
to medical genetics and/or translational 
medicine. 


Pathology and Laboratory Medicine: 
Seeking candidates in the areas of compu- 
tational medicine including image analysis 
and high throughput molecular data that are 
adaptable to the creation of new diagnostic 
modalities. 


Apply for this position online at: http: 
//www.med.upenn.edu/apps/faculty_ad/ 
index.php/g/d2447 


The University of Pennsylvania is an Equal 
Opportunity, Affirmative Action Employer. 
Women and minority candidates are 
strongly encouraged to apply. 


Woops Hote OCEANOGRAPHIC INSTITUTION 


Fellowships for 
Postdoctoral Se 


New or recent doctoral recipients with research inter- 
ests associated with the following are encouraged to 
submit scholarship applications prior to Jan. 15, 2011. 


DEPARTMENTS - Awards related to the following 
areas are anticipated: Applied Ocean Physics & 
Engineering; Biology; Geology & Geophysics; Marine 
Chemistry & Geochemistry; Physical Oceanography 


INSTITUTES - Each of the following Institutes, 
which foster interdisciplinary research addressing criti- 
cal issues, will award a scholarship to support related 
research: Ocean and Climate Change Institute; Coastal 
Ocean Institute; Deep Ocean Exploration Institute; 
Ocean Life Institute 


The NOAA-WHOI Cooperative Institute for the 
North Atlantic Region (CINAR) will award a 
Fellowship in one of five theme areas: Ecosystem 
Forecasting, Ecosystem Monitoring, Ecosystem 
Management, Protection and Restoration of Resources, 
Sustained Ocean Observations and Climate Research. 


Awards are competitive, with primary emphasis placed 
on research promise. Scholarships are for 18-months 
with an annual stipend of $56,000, a modest research 
budget and eligibility for group health and dental 
insurance. Recipients are encouraged to pursue their 
own research interest in association with resident 
Scientific and Senior Technical Staff. Communication 
with potential WHOI advisors prior to submitting an 
application is encouraged. 


Further information, application forms, and links to 
the Individual Departments, Institutes and Centers and 
their research themes may be obtained at: 
http://www.whoi.edu/postdoctoral, or by contacting 
the Postdoctoral Fellowship Committee at: 

(508) 289-2950, or postdoc@whoi.edu. EOE/AAE 


OL 


Advanced Electron-Nuclear Magnetic 
Resonance Spectroscopies Faculty 
Position at Penn State University 


The Department of Biochemistry and Molecu- 
lar Biology and the Department of Chemistry at 
The Pennsylvania State University jointly seek 
applicants for a tenure-track faculty position 
in the area of advanced electron-nuclear mag- 
netic resonance (ENDOR, ESEEM, PELDOR, 
HYSCORE) spectroscopies and their applica- 
tions to biological and chemical research prob- 
lems. The successful candidate will evidence 
the abilities to establish a nationally and inter- 
nationally recognized research program and to 
teach lecture and laboratory courses in the areas 
of biophysics and biochemistry at both the 
undergraduate and graduate levels. Evidence of 
past research accomplishments in the form of a 
strong publication record is considered essen- 
tial. Preference will be given to candidates who 
demonstrate strength in theoretical and techni- 
cal development of these methods in addition 
to their applications to important research 
problems. Candidates should send cover letter, 
curriculum vitae, list of publications, summary 
of research accomplishments, and statement of 
future research interests to Ms. Jean Brooks as 
PDF files to jobs@bmb.psu.edu. Please refer- 
ence job number 33275-D on your cover letter 
and arrange for three letters of evaluation to be 
sent to the same address. Review of applica- 
tions will begin on November 10, 2010, and 
will continue until the position is filled. 


Penn State is committed to Affirmative 
Action, Equal Opportunity and the diversity 
of its workforce. 


FELLOWSHIPS 


UNCF/MERCK 
SCIENCE INITIATIVE 


UNDERGRADUATE 
Science Research Scholarship Awards 
@ Scholarships up to $25,000 


@ A paid summer internship at a Merck facility 


with stipend totaling more than $5,000 
™ Mentoring and networking opportunities 
@ Eligibility: College juniors, science or 

engineering majors, 3.3 GPA 


GRADUATE 

Science Research Dissertation Fellowships 

@ Fellowships up to $53,500 

™ Mentoring and networking opportunities 

@ Eligibility: Ph.D. or equivalent degree 
candidates engaged in dissertation 
research in the biological, chemical or 
engineering fields 


POSTDOCTORAL 

Science Research Fellowships 

@ Fellowships up to $92,000 

@ Mentoring and networking opportunities 

@ Eligibility: Ph.D. or equivalent degree 
recipients in the biological or chemical 
research fields 


APPLY ON-LINE 


http://umsi.uncf.org 
Submit by December 1, 2010 


T 703 205 3400 
F 703 205 3550 
E uncfmerck@uncf.org 


~~! 
a 
UNCF 690% 
) ERK Be, 


GENERAL ELIGIBILITY REQUIREMENTS: 
Must be African American and a U.S. citizen or a permanent resident 


MANHATTAN COLLEGE 


Dean of the School of Science 


Manhattan College seeks a dynamic, innovative, and collaborative leader to assume 
the position of Dean of the School of Science. 


Overlooking Van Cortlandt Park in the Riverdale section of New York City, Manhattan 

: College is an independent Catholic institution of higher learning that embraces qualified 

women and men of all faiths, races, and ethnic backgrounds. Established in 1853, the College 

is founded upon the Lasallian tradition of excellence in teaching, respect for individual dignity, and commitment to 
social justice inspired by the innovator of modern pedagogy, John Baptist de La Salle. 


Currently, the College has a student body of approximately 3,250: 2,900 undergraduates and 350 graduate 
students. 


The School of Science is one of five schools, together with Arts, Business, Education, and Engineering, that make 
up the College. The School currently has majors in biology, biochemistry, chemistry, computer science, 
mathematics, and physics. At the present time there are no graduate programs in the school, although some are 
being considered. The science faculty consists of a diverse group of 37 full time members dedicated to teaching 
excellence and scholarly activity. The School of Science has a rich tradition of involving students in undergraduate 
research projects leading to conference presentations and publications. 


The Dean will lead and support the faculty in the development of interdisciplinary programs and innovative 
concentrations with the goal of increasing both the number and the quality of students enrolling in the School of 
Science. She/he will encourage the writing of grant proposals for funding the purchase of scientific equipment 
and the continuation and expansion of faculty/student research projects. The Dean will provide a strong voice 
for the sciences both within the College community and to outside constituencies. She/he will work to expand 
collaborative efforts among the faculty in the School of Science as well as with faculty from the other schools of 
the College. 


The successful candidate will be a proven administrator with a strong record of promoting excellence in science 
education. He/she will have experience in curriculum development, innovative pedagogy, student support 
services and advising, grant writing, and undergraduate research. A Ph.D. in one of the science disciplines and 
a proven record of excellence in teaching and research, appropriate for a tenured member of one of the 
departments in the school are expected. She/he should give evidence of the ability to provide leadership in the 
recruitment and retention of highly qualified students and faculty. The Lasallian tradition is at the core of the 
College's mission, and the successful candidate will be an advocate for those educational values and possess a 
track record of helping students to integrate science education and a strong core curriculum in the School of Arts. 


Please send cover letter, resume, list of five references and salary history or requirements by December 3, 2010, 
to: Barbara Fabé, Vice President for Human Resources, Manhattan College, 4513 Manhattan College 
Parkway, Riverdale, NY 10471. All submissions must be emailed only. Please send all e-mail to 
patricia.stone@manhattan.edu. Women and Minorities are encouraged to apply. We are committed to a diverse 
campus community. AA/EOE/M/F/D/V Please refer to our website www.mancol.edu/hrs/jobs/index.shtml 


HARVARD UNIVERSITY 
Assistant/Associate Professors 
Department of Genetics 
and Complex Diseases 


The Department of Genetics and Complex Diseases (GCD) at the Harvard School of Public 
Health (HSPH) invites applications for tenure-track positions at the level of assistant professor. 
Exceptional associate professor candidates will also be considered. Successful applicants will 
hold a PhD and/or MD degree and will have a record of outstanding productivity. Individu- 
als are sought particularly in the following areas to complement the existing research and 
training goals of the department: signal transduction related to energy and nutrient sensing 
pathways, regulation of metabolic homeostasis, inflammatory and stress response pathways 
related to chronic metabolic diseases and aging, cancer metabolism, and epigenetic regula- 
tion of metabolism. Individuals using systems and/or computational approaches applied at a 
mechanistic level to problems of metabolic homeostasis, gene-environment interactions and/or 
adaptive responses are also encouraged to apply. The candidate should possess the ability 
to work collaboratively with other scientists and the scholarly qualities required to mentor 
doctoral students in the graduate program in the Division of Biological Sciences. Generous 
startup packages and state-of-the-art research facilities are available. 


Please send a letter of application, including a statement of current and future research interests, 
curriculum vitae, sample publications, and the names of four references to the following address. 
Applicants should ask their four references to write independently to this address. 


Chair, GCD Search, c/o Holly Johnsen 
Department of Genetics & Complex Diseases 
Harvard School of Public Health 
655 Huntington Avenue, Building II, 101 
Boston, MA 02115 
gcddept@hsph.harvard.edu 


The Harvard School of Public Health is committed to increasing the representation of 
women and minorities in its faculty, and encourages applications from such candidates. 


online @sciencecareers.org 
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POSITIONS OPEN 


PLANT EVOLUTIONARY BIOLOGIST 


The Department of Biology invites applications 
for a faculty position in the area of plant evolutionary 
biology. We are especially interested in individuals 
whose research have a field component and use mo- 
lecular techniques to address fundamental questions 
in plant evolutionary biology. Primary teaching re- 
sponsibilities will include related undergraduate and 
graduate courses. This is a nine-month, tenure-track 
position at the rank of ASSISTANT PROFESSOR. 
Anticipated start date is August 16, 2011, pending 
funding. The successful applicant will be expected to 
develop a productive, externally funded research pro- 
gram and direct graduate students through the Ph.D. 
level. Postdoctoral experience is expected and demon- 
strated evidence of excellence in scholarship and teach- 
ing is required. Candidates must have demonstrated 
experience working in and fostering a diverse faculty, 
staff, and student environment or commitment to do 
so as a faculty member at VCU. Competitive startup 
funds and excellent core facilities are available. 

Virginia Commonwealth University has an enroll- 
ment of 32,000 students, including over 1,600 under- 
graduate and nearly 100 graduate students in Biology. 
The Department of Biology (website: http://www. 
has.vcu.edu/bio) has 32 faculty members with diverse 


research interests in the following three areas of 


excellence: Cell Regulation, Evolution, and Ecological 
Processes and Applications. Additional research op- 
portunities are available through the Center for En- 
vironmental Studies (website: http://www.vcu.edu/ 
cesweb/) and at the Rice Center, VCU’s nearby field 
station on the James River (website: http: //www.vcu. 
edu/rice/). 

Submit curriculum vitae, statements of research and 
teaching interests, and three letters of reference by 
December 1, 2010 to: Stephanie Millican, Depart- 
ment of Biology, Virginia Commonwealth Univer- 
sity, Richmond, VA 23284-2012. 

Virginia Commonwealth University is an Equal Opportunity / 
Affirmative Action Employer. Women, minorities and persons 
with disabilities are encouraged to apply. 


POSTDOCTORAL POSITIONS in 
Structural Biology 
Harvard Medical School 


Funded postdoctoral research positions are avail- 
able immediately to work in the Molecular Medicine 
Laboratory and Macromolecular Crystallography 
Unit, at the Beth Israel Deaconess Medical Center, 
Harvard Medical School. Ongoing projects include 
the structural analysis of human proteins and nucleo- 
protein complexes that play important roles in the 
pathogenesis of cancer, tuberous sclerosis, Alzheimer’s 
disease, schizophrenia, drug abuse, and AIDS. (i) Po- 
sition in Macromolecular Crystallography: experience 
in protein and/or nucleic acid X-ray crystallography 
using MIR and/or MAD techniques is required; (ii) 
Position in Protein Biochemistry: experience in pro- 
tein expression and purification using bacterial and/or 
baculovirus expression systems is required. Send curric- 
ulum vitae and three reference letters to: Dr. John A.A. 
Ladias, Research North 325, 99 Brookline Avenue, 
Boston, MA 02215. E-mail: jladias@bidmce.harvard. 
edu. An Equal Opportunity/Affirmative Action Employer. 


ASSISTANT PROFESSOR of BIOLOGY—The 
Biology Department of Whitworth University invites 
applications for a tenure-track position as Assistant Pro- 
fessor of Biology with a primary focus on Environmen- 
tal Biology, Field Biology, Wildlife Biology, and/or 
Conservation Biology. Earned Doctorate in an appro- 
priate area of biology or environmental science by August 
2011, and demonstrated teaching ability required. Go 
to website: http://www.whitworth.edu/jobs for fur- 
ther details and information on how to apply. 


876 


POSITIONS OPEN 


SPATIAL/LANDSCAPE ECOLOGIST 


The Department of Biology invites applications 
for a quantitative spatial /landscape ecologist. We are 
especially interested in applicants whose research in- 
tegrates field work, theory, statistical and mathematical 
modeling, and/or GIS/remote sensing to study or- 
ganismal, population or community level processes at 
broad spatial scales. Primary teaching responsibilities 
will include related undergraduate and graduate courses. 
This is a nine-month, tenure-track position at the rank 
of ASSISTANT PROFESSOR. Anticipated start date 
is August 16, 2011, pending funding. The successful 
applicant will be expected to develop a productive, 
externally funded research program and direct grad- 
uate students through the Ph.D. level. Postdoctoral 


experience is expected and demonstrated evidence of 


excellence in scholarship and teaching is required. Can- 
didates must have demonstrated experience working 
in and fostering a diverse faculty, staff, and student 
environment or commitment to do so as a faculty mem- 
ber at VCU. Competitive startup funds are available. 
Virginia Commonwealth University has an enroll- 
ment of 32,000 students, including over 1,600 under- 
graduate and nearly 100 graduate students in Biology. 
The Department of Biology (website: http://www. 
has.vcu.edu/bio) has 32 faculty members with diverse 


research interests in the following three areas of 


excellence: Cell Regulation, Evolution, and Ecological 
Processes and Applications. Additional research op- 
portunities are available through the Center for En- 
vironmental Studies (website: http://www.vcu. 
edu/cesweb/) and at the Rice Center, VCU’s nearby 
field station on the James River (website: http:// 
www.vcu.edu/rice/). 

Submit curriculum vitae, statements of research and 
teaching interests, and three letters of reference by 
December 1, 2010 to: Stephanie Millican, Depart- 
ment of Biology, Virginia Commonwealth Uni- 
versity, Richmond, VA 23284-2012. 

Virginia Commonwealth University is an Equal Opportunity/ 
Affirmative Action Employer. Women, minorities and persons 
with disabilities are encouraged to apply. 


DEPARTMENT HEAD 
Department of Biology 
Utah State University 


The College of Science at Utah State University seeks 


applications for the position of Head, Department of 


Biology. Applicants must have a Ph.D. or equivalent in 
the biological sciences, or a related field, and an excel- 
lent record of academic and leadership experience and 
research productivity at a teaching and research institu- 
tion. The department has built a national reputation for 
collaborative and innovative research across the breadth 
of the life sciences and promotes effective learning and 
research opportunities for our students. Applicants should 
submit curriculum vitae, a statement of leadership and 
management experiences and philosophy, and vision for 
the future of the department, as well as the names and 
e-mail addresses of three references on-line at website: 
https://jobs.usu.edu (REQ ID 052391). Evalua- 
tion of applicants will begin January 21, 2011, and will 
continue until the position is filled. For further infor- 
mation, please visit our website: http://www.usu. 
edu/science. 

Utah State University is an Equal Opportunity /Affirmative 
Action Employer committed to assembling a diverse faculty. Women 
and members of minority groups are strongly encouraged to apply. 
Logan is nestled in a mountain valley 80 miles north of Salt Lake 
City, Utah. Opportunities for a wide range of outdoor activities are 
plentiful. 


POSITIONS OPEN 


NEUROBIOLOGIST 


The Department of Biology invites applications 
for a molecular and cellular biologist with expertise 
in the mechanisms of neural diseases or neural devel- 
opment. The successful applicant will join a dynamic 
group of investigators in Biology and departments 
in VCU Life Sciences and on the medical campus of 
VCU who investigate fundamental disease and devel- 
opmental processes in a variety of organisms. Primary 
teaching responsibilities will include related under- 
gr aduate and graduate courses. This is a nine-month, 
tenure-track position at the rank of ASSISTANT 
PROFESSOR. Anticipated start date is August 16, 
2011, pending funding. The successful applicant will 
be expected to develop a productive, externally funded 
research program and direct graduate students through 
the Ph.D. level. Postdoctoral experience is expected 
and demonstrated evidence of excellence in scholar- 
ship and teaching is required. Candidates must have 
demonstrated experience working in and fostering a 
diverse faculty, staff, and student environment or com- 
mitment to do so as a faculty member at VCU. Com- 
petitive startup funds and excellent core facilities are 
available. 

Virginia Commonwealth University has an enroll- 
ment of 32,000 students, including over 1,600 under- 
graduate and nearly 100 graduate students in Biology. 
The Department of Biology (website: http://www. 
has.vcu.edu/bio) has 32 faculty members with di- 
verse research interests in the following three areas 
of excellence: Cell Regulation, Evolution, and Ecolog- 
ical Processes and Applications. 

Submit curriculum vitae, statements of research and 
teaching interests, and three letters of reference by 
December 1, 2010 to: Stephanie Millican, Depart- 
ment of Biology, Virginia Commonwealth Univer- 
sity, Richmond, VA 23284-2012. 

Virginia Commonwealth University is an Equal Opportunity/ 
Affirmative Action Employer. Women, minorities and persons 
with disabilities are encouraged to apply. 


ASSISTANT PROFESSOR 


The Department of Environmental Science, Loyola 
University Chicago (LUC), seeks to fill a tenure-track 
Assistant Professor position, for academic year 2011— 
2012, pending approval of funding. The department 
collaborates with LUC’s Center for Urban Environ- 
mental Research and Policy the larger efforts of Loyola 
to facilitate environmental sustainability at LUC and in 
the local community. 

Candidates must have a Ph.D. in the environmental 
sciences; research expertise linking science to policy, 
management, or economics; and proven ability to pub- 
lish work that integrates disciplines. Ideal candidates will 
have taught at the University level, be able to secure 
external research funding, and involve students in 
research program. Teaching expectations include Envi- 
ronmental Sustainability, existing physical or life science 
courses for non-science majors, and a newly developed 
course for majors that enhances the existing curriculum. 

To apply, submit curriculum vitae and a letter of 
interest addressing teaching philosophy and research 
agenda to website: http://www.careers.luc.edu, 
and arrange for electronic submission of three letters 
of recommendation to the address above. Applica- 
tions should be received by December 15, 2010. 

Loyola University Chicago, Chicago’s Jesuit Catholic Univer- 
sity, is an Equal Opportunity /Affirmative Action Employer with a 
strong commitment to diversifying its faculty. Applications from 
women and minority candidates are especially encouraged. 
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PRIZES 


Terumo Life Science Foundation 
MEZA FIVER SRGREA 


Terumo Life Science Foundation announces the establishment of the 


Terumo International Prize 


— An academic award for biomaterials researchers — 


In recent years, combined research in the fields of biomaterials and regenerative medicine is accelerating rapidly, and various efforts 
toward practical application are being made. The fusion of excellence in materials engineering, life science, and the related 
discipline of systems engineering is essential for this area. This Prize shall be awarded to outstanding researchers who have 
demonstrated unique, internationally renowned achievements in research, made significant contributions to the field of 
regenerative medicine particularly through novel biomaterials discovery, and continued to work in the frontline of research. 

We hope that this Prize will be a great source of encouragement to researchers, resulting in the further evolution of research 


towards practical application and a brighter future for humankind. 


Details of the Prize: 


The Terumo International Prize shall be awarded to one 
outstanding researcher. The awardee will receive a certificate and 
a commemorative item as the main prize, together with a 


supplementary monetary prize of 10 million yen. 
Application method: 


An application in the form of a recommendation shall be filed. 
(No self-recommendation accepted) 


NOW ACCEPTING —e@jisrars 


PETTEPCENE Websice Attp://www.terumozaidan.or.jp/english/ 


Please fill out the application form and submit it to the 
Secretariat along with all the required documents. The 


application can be made online or by post. Please refer to the 
official Web site for more details. 


Application period: 


to December 24, 2010 


Application by post must be postmarked on or before the above 
deadline. Online application will close at 5:00 PM (Japanese 
Standard Time) of the last day. 


POSITIONS OPEN AWARDS 


J a 


. BOLD FUTURE. 
ASSISTANT/ASSOCIATE PROFESSOR 


Department of Molecular Medicine 
We are seeking candidates for a tenure-track position at the rank of Assistant or Associate 
Professor, who preferably employ molecular approaches addressing problems related to 
metabolic disorders such as obesity, metabolic syndrome and diabetes, and which 
complement existing strengths in the Department. The Department is located in a vibrant 
and expanding USF Health Complex on the main campus of the University of South 
Florida that includes the Colleges of Medicine, Nursing, and Public Health, the H. Lee 
Moffitt Comprehensive Cancer Center and Research Institute, and the Byrd Alzheimer’s 
Institute. USF is a nationally recognized research campus with extramural grants and 
contract activity in excess of $350 million annually and is home to several Centers for 
Excellence in Biomedical Research and state-of-the-art facilities. Over the past 3 years, 
the state of Florida committed an additional $450 million to the existing medical research 
budget, and as a result, USF is now part of a collaborative research corridor running 
through the heart of the sunshine state. 
Successful candidates for this position are expected to develop and maintain a competitively 
funded research program, and to participate in medical and graduate education. To support 
these expectations, the Department offers strong institutional salary support, competitive 
start-up packages, excellent core facilities, and a collegial atmosphere to create an 
environment that promotes success. Minimum requirements for an Assistant Professor 
position include a MD, PhD, or MD/PhD with at least two years postdoctoral experience. 
Appointment at the Associate Professor level requires a minimum of five years experience at 
the Assistant professor level or equivalent, nationally-recognized and federally funded 
research program and experience mentoring graduate students. 
All applications must be submitted on-line by going to (https://employment.usf.edu/ 
applicants/jsp/shared/position/JobDetails_css.jsp? postingId=151861) and uploading a 
cover letter, curriculum vitae, research plan, and statement of teaching philosophy. 
Separately, please request three letters of reference to be sent by mail or e-mail to Dana 
Cole at dcole@health.usf.edu. Review of applicants will begin on November 15, 2010 
and will continue until the position is filled. 


Dr. Duane Eichler, Chair Search Committee, Department of Molecular Medicine, 
University of South Florida-Health, 12901 Bruce B. Downs Blvd. MDC7, Tampa, 
Florida 33612-4799, http://health.usf.edu/nocms/research/molecular_medicine/ 


The University of South Florida is an Equal Opportunity / Affirmative ] 
Action / Equal Access Institution. For disability accommodations, 
contact Dana Cole at (813) 974-8320- a minimum of 5 working days 


in advance. According to Florida law, search records, including 


applications and search committee meetings, are open to the public. 


HUMAN FRONTIER SCIENCE 
PROGRAM (HFSP) 


CALL FOR NOMINATIONS FOR 
THE 2011 HFSP NAKASONE AWARD 


In keeping with its mission to stimulate innovative international research, 
HFSP invites nominations for an annual award highlighting frontier 
contributions in the life sciences. This award recognizes the vision of 
former Prime Minister Nakasone of Japan in the creation of HFSP. Typically 
these will be conceptual breakthroughs for investigating the complex 
mechanisms of living organisms which have important consequences 
for scientists throughout the world. Both theoretical and methodological 


contributions are eligible. 


The winner of the 2010 award was Karl Deisseroth of Stanford University, 
for his pioneering work in the development of optogenetic techniques for 


understanding complex neuronal circuits in the brain. 


The competition is open; it is not limited to HFSP awardees and there is 
no age limit for candidates. However the jury will pay particular attention 
to recent breakthroughs by younger scientists. Nominations should 
be made before Monday December 6th using the standard one-page 
nomination form (http://bit.ly/bjacLE). Nominations from 2010 should 
not be resubmitted. The selection will be made by the HFSP Council of 


Scientists and the award announced at the end of March. 


The awardee will receive an unrestricted research grant of 10.000 USD, a 
commemorative medal and will be expected to deliver a plenary lecture 
at the HFSP annual awardees meeting (in Montreal, Canada, June 5-8, 


2011). 
Please see our web site www.hfsp.org for further information 


HFSP, 12 quai Saint-Jean, 67080 STRASBOURG Cedex, FRANCE 


online @sciencecareers.org 
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POSITIONS OPEN 


PROFESSOR AND DIRECTOR 
DIABETES CENTER 
The University of North Carolina at Chapel Hill 

The School of Medicine at the University of North 
Carolina at Chapel Hill seeks a dynamic investigator to 
provide effective academic and administrative leadership 
for the recently established Diabetes Center. The purpose 
of the center is to promote, facilitate, and coordinate 
research and training in diabetes across this highly 
collaborative campus with over $800 million in research 
funding. The position reports to the Dean of the School 
of Medicine. 

Chapel Hill is a dynamic community located within 
the Research Triangle, one of the largest concentrations 
of biomedical scientists in the world. Mild winters, a 
multitude of arts and cultural programs, vibrant night- 
life, and nearby oceans and mountains create a wonder 
environment to live and work. 

Though there are approximately 200 investigators 
with an interest in diabetes, the institution is committed 
to additional recruitment to complement existing ex- 
pertise and to create a premiere diabetes research enter- 
prise across the spectrum from basic and population 
research to clinical and community based investigation 
including entrepreneurial activity and commercialization. 

Minimal qualifications for this position include an 


M.D. and/or Ph.D. degree, a distinguished record of 


scientific research and funding, and evidence of adminis- 
trative skills. Consideration of candidates will begin im- 
mediately and continue until the search is concluded. 
Interested individuals should apply online at website: 
http://jobs.unc.edu/2500493 and include a cover letter, 
current curriculum vitae, and contact information for 
four references. 

For questions or additional information regarding 
the position, you can contact: 

John Buse, M.D., Ph.D., Chair, 
Diabetes Center Director Search Committee 
Office of the Dean, School of Medicine 
University of North Carolina at Chapel Hill 
CB# 7000, 4060 Bondurant Hall 
Chapel Hill, NC 27599-7000 
Attn: Carol Ashby 
E-mail: carol_ashby@med.unc.edu 


UNC Chapel Hill is an Equal Opportunity Employer. 


FACULTY POSITION 
ASSISTANT PROFESSOR 
Integrative Vertebrate Physiology 
University of California, Riverside 


The Department of Biology at the University of Cal- 
ifornia, Riverside invites applications for a tenure-track, 
9-month academic position at the Assistant Professor 
rank beginning July 1, 2011. A Ph.D. in Physiology or 
a related field and at least one year of postdoctoral 
experience are required. The salary for this position is 


commensurate with the education and experience of 


the successful candidate. Applicants are expected to de- 
velop a strong and externally funded research program 
in functional biology of vertebrates, focusing on phys- 
iological mechanisms, integrative functioning of organ 
systems, biomechanics, and/or behavior. We seek a 
candidate who can bridge our existing departmental 
strengths in integrative and comparative physiology with 

campus-wide strengths in biomedical and applied 
physiology. 

Opportunities include collaborations with a variety 
of campus research centers (website: http://www.cnas. 
ucr.edu/centers/index.html), the emerging medical 
school, and the University of California Natural Reserve 
System. All faculty members teach at the undergraduate 
and graduate level, and may participate in one or 
more interdepartmental graduate programs. Applicants 
should log on to website: https://academicjobsonline. 
org/ajo/jobs/574 to submit their curriculum vitae, 
separate statements of research and teaching interests, and 
up to three reprints. In addition, applicants should re- 
quest that three letters of recommendation be submitted 
through website: https: //academicjobsonline.org/ 
ajo/jobs/574 . 

Review of applications will begin on November 30, 
2010. Website: http://biology.ucr.edu. 

The University of California is an Equal Opportunity/ 
Affirmative Action Employer. 
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POSITIONS OPEN 


UNIVERSITY OF CALIFORNIA, IRVINE 
Chemical Engineering and Materials Science 


The Henry Samueli School of Engineering at the 
University of California, Irvine invites qualified appli- 
cants for a faculty position in the Department of Chem- 
ical Engineering and Materials Science. Candidates 
should have a Doctoral degree in Materials Science and 
Engineering, Chemical Engineering, or related disci- 
pline, demonstrated excellence in research, and a strong 
commitment to teach courses at undergraduate and 
graduate levels. Outstanding candidates whose research 
programs impact the areas of biomaterials and bio- 
inspired materials are particularly encouraged to apply. 
Broadly, this includes (but is not limited to) the de- 
velopment and application of materials in emerging 
interfaces between healthcare and nano-devices. Can- 
didates qualified to teach undergraduate courses in 
materials science and engineering are preferred. 

Nominally, the position will be at the ASSISTANT 
PROFESSOR level (tenure-track), but in exceptional 
cases senior applicants will be considered. The success- 
ful candidate will be considered for a Samueli Faculty 
Career Development Professorship (junior level) or a 
Samueli Endowed Chair (senior level). 

Please submit applications electronically at website: 
http://www.eng.uci.edu/employment/faculty. 

Candidates should submit their curriculum vitae, 
a list of publications, descriptions of research plans and 
teaching interests, and names of three references. Se- 
lection will begin December 1, 2010, and will continue 
until the position is filled. For additional information, 
please contact: Janine Le, Department of Chemical 
Engineering and Materials Science, University of Cal- 
ifornia, Irvine, 916 Engineering Tower, Irvine, CA 
92697-2575. E-mail: jhle@uci.edu, telephone: (949) 
824-3786. 


UCI is an Equal Opportunity/Affirmative Action Employer 


committed to excellence through diversity and strongly encourages 
applications from all qualified candidates including women and 
minorities. UCT is responsive to the needs of dual career couples, is 
dedicated to work-life balance through an array of family-friendly 


policies, and is the recipient of an NSF ADVANCE Award for 


gender equity, a program recently expanded at UC Inine to in- 
clude racial/ethnic equity. 


OPEN-RANK TENURE-TRACK FACULTY 
POSITION IN PLANT STRESS BIOLOGY 
Division of Plant Sciences 
University of Missouri 


The Division of Plant Sciences and the Interdis- 
ciplinary Plant Group, University of Missouri, Columbia 
(MU), invite applications for an open-rank tenure- 
track position in Plant Stress Biology, a major theme 
within the broader MU emphasis area “Plants for 
Changing Environments.” We seek outstanding candi- 
dates using modern methods to address research chal- 
lenges in the areas of biotic stress from disease, insect 
herbivory, and other sources; and/or abiotic stress from 
drought or other extreme environmental conditions. 

The successful candidate will be expected to estab- 
lish an active, extramurally funded research program 
in their area of research specialization. The candidate 
will also be expected to contribute to the research and 
teaching missions of the Division of Plant Sciences 
and of the campus-wide collaborative Interdisciplinary 
Plant Group (website: http://ipg.missouri.edu). The 
applicant must have a Ph.D. degree in Plant Sciences, 
Biochemistry, Ecology, Plant Pathology, Nematology, 
Entomology, or related field. For more information 
on the position and on research areas of particular 
interest to the Division of Plant Sciences, see website: 
http: //plantsci.missouri.edu/. 

To ensure full consideration, applications should be 
submitted by December 5, 2010; however, applica- 
tions will be considered until the position is filled. 
Applicants must submit curriculum vitae, and a concise 
summary of research and teaching interests and future 
plans. These materials should be submitted electroni- 
cally as a single PDF file to e-mail: plantsci@missouri. 
edu. Applicants should also arrange for three letters 
of recommendation to be sent electronically to the 
same address. Questions regarding this position should 
be directed to Dr. Robert Sharp at e-mail: sharpr@ 
missouri.edu, telephone: 573-882-1841. 

MU is an Equal Opportunity /Affirmative Action Employer. 
Women and minorities are especially encouraged to apply. EOE/ 
ADA/V/TTY. 


NEUROSCIENCE 


FACULTY POSITION IN NEUROSCIENCES 
University of New Mexico School of Medicine 


The Department of Neurosciences invites applica- 
tions for a tenure-track faculty position at the ASSIST- 
ANT PROFESSOR level. Minimum Requirements: 
Applicants must have a Ph.D. or M.D. degree, or the 
equivalent, with postdoctoral experience. Preferences: 
Applicants with an independent research program, 
or strong potential for obtaining extramural fund- 
ing, as evidenced by high quality publications; Neu- 
roscientists with primary research interests that build 
upon department strengths in molecular, cellular and 
behavioral aspects of neurodevelopment, psychiatric 
or neurodegenerative disorders; Experience or inter- 
est in participating in graduate and medical school 
teaching programs. For more details on current re- 
search activities in the Department of Neurosciences 
see website: http://www.unm.edu/~neurohsce. Op- 
portunities exist for collaborations with faculty in 
other basic science and clinical departments in the 
Health Sciences Center (website: http://hsc.unm. 
edu/som/departments.shtml), the Department of 
Psychology, the MIND Research Network, and Sandia 
and Los Alamos National Laboratories. The position 
includes a competitive state-funded salary, research 
startup funds, and research facilities. The selected in- 
dividual should have experience or interest in par- 
ticipating in graduate and medical school teaching 
programs. For best consideration, applications must 
be received by December 10, 2010; however, position 
will remain open until filled. UNM’s confidentiality 
policy (“Disclosure of Information about Candidates 
for Employment,” UNM Board of Regents’ Policy 
Manual 6.7), which includes information about public 
disclosure of documents submitted by applicants, is 
located at website: http://www.unm.edu/~brpm/ 
167.htm. For complete details of this position and to 
apply, access Faculty Postings at website: https:// 
unmjobs.unm.edu/. Reference Posting # 0808282. 
The University of New Mexico is an Equal Opportunity/ 
Affirmative Action Employer and Educator. 


POSITIONS OPEN 


THE HEISER PROGRAM FOR 
RESEARCH 
IN LEPROSY AND TUBERCULOSIS 


POSTDOCTORAL RESEARCH FEL- 
LOWSHIPS in leprosy and tuberculosis research 
available at a stipend level of $40,000 a year for 
two years. Research Grants in leprosy usually in 
amounts up to $50,000 for one year. 

Applicants should have M.D., Ph.D., or equiv- 


alent degree. Application deadline March 1, 2011, 
for awards to be activated August through Decem- 
ber, 2011. For information and forms website: 
http://www.NYCommunitytrust.org. Click on 
Grant Seekers and select “Requests for Pro- 
posals” from the drop-down menu. Click on 
The Heiser Program in the list down the right 
side of your screen to access the full RFP and 
application forms. For questions or problems, 
e-mail: Im@nyct-cfi.org. 


MARKETPLACE 


Promab Biotechnologies Inc. 


Custom Monoclonal 
Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.promab.com info@promab.com 


Widely 
Recognized 


Original & 
Guaranteed 


8¢/u 
Truncated 
Taq DNA 
Polymerase 
Withstand 99°C 


KlenTaq1 


—— 
US Pat #5,436,149 e-mail: abpeps@msn.com 


1¢800°383°3362 
www.abpeps.com 


Call: Ab Peptides 
Fax: 314°968°8988 
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